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ABSTRACT 
The timing of biological events in autumn, or autumn phenology, is an important 
factor in many ecosystem processes. Leaf senescence terminates the growing season, 
fruiting is important for seed dispersal and frugivorous wildlife, bird migration concludes 
the breeding season and is a high-mortality event, and insect diapause ends the active 
season for insects. Climate change and the spread of invasive species have the potential 
to shift autumn events and ecological processes. However, autumn has been neglected in 
the phenology literature, and there are many gaps in our knowledge of basic phenological 
patterns in this season, as well as how they are affected by anthropogenic changes. To 
address these gaps, I first synthesized the literature on how climate change affects autumn 
phenology. I found that shifts in autumn phenology can alter reproductive capacities, 
exacerbate invasions, increase disease transmission rates, reshuffle enemy-prey 
dynamics, and alter interactions between species. With a focus on autumn interactions 
between birds and fleshy-fruited plants, my colleagues and I then observed patterns of 
fruit phenology, using herbarium specimens of 55 species collected across New England, 
		 viii	
and over 400 species in the living collections of 5 international botanical gardens. Last, I 
monitored fleshy fruit phenology and abundance at Manomet, a migratory stopover site 
in coastal Massachusetts, and compared those patterns to seeds identified from landbird 
fecal samples collected across the autumn season. I found that the sequence of fruiting is 
moderately consistent from year to year and place to place, and has a significant 
phylogenetic signal. In wild plants, invasive species fruit, on average, nearly one month 
later than native species. Considering many landbirds are migrating through New 
England later over time and in warm years, this suggests birds are increasingly likely to 
encounter invasive fruits during late-autumn migration. However, bird diets do not reflect 
the increased availability of invasive fruits in late-autumn; rather, birds show a preference 
for native fleshy fruits throughout the autumn season. These findings add to our 
knowledge of how climate change and species invasions affect autumn synchrony, and 
highlight the importance of native, rather than invasive, fruits as a food source for 
migratory landbirds.  
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CHAPTER ONE: INTRODUCTION 
In temperate ecosystems, changes in the timing of seasonal biological events—or 
phenology—can alter ecosystem productivity, the synchrony of interactions, and the 
competitive ability of individuals within a community (Willis et al. 2008, Richardson et 
al. 2013, Rafferty et al. 2015). Anthropogenic environmental changes, particularly 
warming temperatures associated with climate change, have resulted in visible and 
measurable changes in phenology of temperate ecosystems worldwide (Parmesan 2006, 
Cleland et al. 2007, Körner and Basler 2010). 
In the spring, climate change has resulted in shifts toward predominantly earlier 
leaf-out, flowering, and insect emergence and flight times, with weaker and less uniform 
changes in migratory bird arrival times (Menzel et al. 2006, Miller-Rushing et al. 2008b, 
Wolkovich et al. 2012, Polgar et al. 2013). Different magnitudes of phenological shifts 
have been shown to result in asynchrony of interacting taxa, known as ecological 
mismatch (Walther et al. 2002). For instance, weaker shifts in spring bird arrivals 
compared to the spring phenology of the insects on which birds feed, has resulted in bird 
population declines (Both et al. 2006, Saino et al. 2011). Similarly, different phenological 
shifts in herbaceous flowering plants and their insect pollinators have resulted in declines 
in seed set and declines in specialist pollinators (Memmott et al. 2007, Hegland et al. 
2009, Kudo and Ida 2013).  
While shifts in spring phenology have been well-documented, autumn phenology 
has been comparatively neglected in climate change research. Autumn events like leaf 
senescence, fruiting, insect diapause and autumn bird migration are important in 
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determining the end of the growing, breeding, and active season in annual life cycles. 
Despite their importance, the potential for autumn competitive, mutualist, and trophic 
interactions to be disrupted by phenological shifts has received little research attention 
(Gallinat et al. 2015). A synthesis of what is already known about the effects of climate 
change on autumn phenology, and a call for more research focus on the autumn season, is 
necessary for filling the gaps in our understanding of how climate change impacts annual 
cycles and ecosystem health. For instance, a recent study by Ellwood et al. (2015b) 
showed that in New England, many landbirds migrate later in warmer autumns; however, 
it is still unclear how delayed migration could affect bird-fruit associations, which have 
important implications for migratory bird nutrition and seed dispersal patterns (Smith et 
al. 2007, Garcia et al. 2010, Wenny and Whelan 2016). In order to address this gap, we 
need more information on the patterns of fruiting phenology in temperate ecosystems, 
and what fruits birds are eating across the autumn season. 
The spread of invasive species also has the potential to alter phenology at the 
community-scale. In temperate New England, USA, conversion of secondary forests to 
an increasingly fragmented suburban landscape has facilitated the spread of invasive 
woody plants (Mehrhoff 2000, Mosher et al. 2009). Invasive plants have been shown to 
occupy phenological windows that increase their competitive abilities compared to native 
species (Wolkovich and Cleland 2014). In warm years, invasive species shifts more 
strongly toward earlier flowering and leaf-out in the spring (Willis et al. 2008, Polgar and 
Primack 2011), and more strongly toward later leaf senescence in the autumn (Fridley 
2012), compared to their native neighbors. The possibility of an invasive phenological 
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niche for fruiting has received less attention, although many invasive woody plants rely 
on seed dispersal by birds and other wildlife as a mechanism for invasion (Richardson et 
al. 2000, Chupp and Battaglia 2016). Evidence for lower palatability of some invasive 
(compared to native) fruits (Whelan et al. 1991, Smith et al. 2013) suggest that 
phenological asynchrony with native fruits could increase the likelihood of dispersal for 
invasive species (Lediuk et al. 2014). This theory should be tested by comparing the 
fruiting phenology of many native and invasive species across a single fleshy-fruited 
plant community. 
Dissertation Overview 
The goal of this dissertation is two-pronged: (1) to fill gaps in our current 
understanding of autumn phenology, and (2) to identify the ways in which climate-driven 
phenology shifts and invasive plants might affect bird-fruit interactions in autumn. I 
synthesize the importance of autumn phenology and the existing autumn literature into 
future research needs in chapter 2. In chapters 3 and 4 I use two unique data sets to 
describe patterns of wild fruit phenology, a key gap in our understanding of autumn. 
Using herbarium specimens dating back to the mid-1800’s, and current field observations 
from five international botanic gardens, I describe the patterns of fruit phenology among 
species, between years and locations, and between native and invasive species. In chapter 
5, I examine the potential for climate change and invasive plants to alter the interactions 
between migratory songbirds and the fleshy fruits they eat in autumn. Finally, in chapter 
6, I describe how as a whole, this work advances our understanding of how two 
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anthropogenic environmental changes, climate change and invasive plants, are interacting 
to affect the ecology of New England and temperate ecosystems worldwide.   
		
5 
CHAPTER TWO: AUTUMN, THE NEGLECTED SEASON IN CLIMATE 
CHANGE RESEARCH 
 
ABSTRACT 
Autumn remains a relatively neglected season in climate change research in 
temperate and arctic ecosystems. This neglect occurs despite the importance of autumn 
events, including leaf senescence, fruit ripening, bird and insect migration, and induction 
of hibernation and diapause. Changes in autumn phenology alter the reproductive 
capacity of individuals, exacerbate invasions, allow pathogen amplification and higher 
disease-transmission rates, reshuffle natural enemy–prey dynamics, shift the ecological 
dynamics among interacting species, and affect the net productivity of ecosystems. We 
synthesize some of our existing understanding of autumn phenology and identify five 
areas ripe for future climate change research. We provide recommendations to address 
common pitfalls in autumnal research as well as to support the conservation and 
management of vulnerable ecosystems and taxa. 
 
INTRODUCTION 
Numerous effects of climate change on the spring phenology of temperate plants 
and animals are well documented (Wolkovich et al. 2012, Parmesan et al. 2013). Warmer 
temperatures have resulted in earlier leaf-out and flowering of plants, earlier arrivals of 
migratory songbirds, and earlier emergence and spring migration of insects (Lehikoinen 
et al. 2004, Menzel et al. 2006). Autumn, by contrast, has received less attention: in the 
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publication database Web of Science, there are only about one-half to one-third as many 
climate change studies set in autumn as compared to spring (Table 2.1). The neglect of 
autumn in phenology and climate change research is likely caused by a combination of 
factors, including the complexity of drivers of autumn phenology, the protracted nature of 
autumn events, and human enchantment with the sudden burst of spring flowers and 
wildlife following winter.  
 Despite this relative neglect, autumn events are also hugely important 
ecologically and evolutionarily. They signal the end of the growing and breeding season 
for most temperate and arctic plant and animal species and are an understudied 
component of the ecological impacts of climate change. Here, we synthesize some of our 
existing understanding of autumn phenology, identify five areas ripe for future research, 
and provide recommendations for research in those areas. 
 
WHAT WE KNOW ABOUT AUTUMN 
 In temperate ecosystems, the autumn phenomena that have received the most 
attention in climate change research are leaf senescence and migratory bird departures. 
Insect diapause and fruit ripening have also garnered moderate interest. Other autumn 
phenomena such as amphibian dormancy and bud formation remain less studied and 
poorly understood.  
Despite the relative neglect of autumn, ecologists have made important progress 
in understanding the drivers of autumn phenology and the effects of climate change on 
autumn events (Fig. 2.1). Long-term observational data sets indicate that leaf senescence 
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is, on average, delayed by increasing temperatures (Menzel et al. 2006, Ibanez et al. 
2010). In addition, community- and landscape-level studies show that invasive non-native 
plants can gain an advantage over native species by extending their growing seasons in 
autumn (Fridley 2012 ), and that an extended growing season allows many perennials to 
sequester more carbon—which in turn alters local climate and ecosystems (Richardson et 
al. 2010). Long-term data indicate that birds are shifting their autumn phenology in 
response to climate change, with short-distance migrants generally delaying migration 
and some long-distance migrants leaving earlier (Jenni and Kery 2003, Van Buskirk et al. 
2009, Ellwood et al. 2015b). Insects that have been examined have responded to warmer 
autumn temperatures with faster developmental rates, added generations, and delayed 
migration and diapause (Porter et al. 1991, Bale et al. 2002). Fruit ripening of native 
plants, in contrast, is the only autumn event of which we are aware to have advanced, on 
average, in response to warming temperatures (Menzel et al. 2006, van Vliet et al. 2014). 
As we will describe, changes in autumn phenology can also increase the reproductive 
capacity of individuals, exacerbate invasions, alter the ecological dynamics among 
interacting species, and affect the net productivity of ecosystems.  
Drivers of autumn phenology 
 While various measurements of spring temperature can explain most of the 
variation in leafing-out times (Polgar and Primack 2011), autumn senescence is more 
weakly linked to autumn temperatures (Menzel 2003, Fig. 2.2), as well as the 
combination of temperature and photoperiod (Jolly et al. 2005, Richardson et al. 2010). 
Other less predictable factors can explain additional variation; for example, drought can 
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advance leaf coloring and leaf drop while abundant soil moisture can delay senescence 
(Leuzinger et al. 2005). Early frost events and high winds can also result in sudden leaf 
senescence and abscission (Norby et al. 2003, Chmielewski et al. 2005). Air pollution in 
the form of tropospheric ozone can induce early senescence, while local carbon dioxide 
concentration has been reported to have no effect (Norby et al. 2003, Gunderson et al. 
2012). 
Insect diapause and migration phenology also vary substantially among species 
and are often modeled as a combination of photoperiod and temperature (Saunders 2014). 
Although most temperate insect species appear to rely in part on photoperiod controls to 
induce diapause, some species such as the parasitoid wasp Leptopilina japonica and the 
European corn borer (Ostrinia nubilalis) enter diapause in response to minimum 
temperatures or daily temperature cycles alone (Beck 1984, Murata et al. 2013). For 
autumn-migrating insects, migration timing is also usually driven by day length and 
temperature, but it can also be affected by rainfall, humidity, host plant senescence, and 
wind (Beck 1984, Prysby and Oberhauser 2004).  
The timing of autumn bird migration is driven by many factors, and species-
specific interactions among factors, including environmental conditions (e.g. temperature 
and photoperiod), life history traits (e.g. broodedness and wintering location), spring 
arrival times, migration speed, and endogenous controls. The proportional influence of 
these drivers varies widely among species, migratory cohorts, and geographies (Jenni and 
Kery 2003, Gordo 2007, Van Buskirk et al. 2009, Dunn and Møller 2014, Ellwood et al. 
2015b) and requires further, widespread investigation using multivariate analyses.  
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Methods for studying autumn phenology 
Compared to those that take place in the spring, observational studies of autumn 
phenology are faced with greater methodological challenges, such as defining events, 
standardizing methodologies, and treating autumn phenomena as multiple-day events. It 
is apparent that many autumn studies, for example those of leaf senescence and fruit 
maturation, are based on somewhat subjective observations, such as “50% leaf fall”, or 
descriptions of fruit colors (Menzel et al. 2006, Gordo and Sanz 2009). Additionally, 
most researchers do not adequately describe their methods, making it difficult to compare 
records across studies.  
One challenge for defining autumn events is that while spring events such as leaf-
out and insect emergence are sudden and visually apparent, autumn events like leaf 
senescence, fruit ripening, and bird and butterfly migration are protracted and 
asynchronous. Although various definitions of leaf-out in spring are similar and occur 
within days of one another, definitions for the date of senescence range from the date of 
the first leaves turning color to the date of 100% leaf abscission—events that can occur 
weeks apart (Kozlov and Berlina 2002, Soolanayakanahally et al. 2013). Autumn bird 
migration is also temporally extended, and can involve multiple waves of migrating birds 
(Lehikoinen et al. 2004). Fruits typically mature over an extended period as well, as part 
of their reproductive and dispersal strategy, which contrasts with the sudden and brief 
flowering window for many species (Gosper et al. 2005). Thus, it is not possible to assign 
single dates to many autumn phenomena. It is also more difficult to observe the last date 
of activity for a species in the autumn than the date of its first appearance in spring, as 
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absence can be more challenging to observe than presence, and in the case of birds, 
autumn behavior is less conspicuous (Lehikoinen et al. 2004).  
It is clear from the recent autumn literature that researchers will have to deviate 
from spring methodology to appropriately capture autumn events. Autumn definitions 
must be biologically relevant and comparable across studies, which could require treating 
autumn phenomena as multiple-day events (Denny et al. 2014).  
Autumn’s influence on carbon storage 
 Autumn phenology plays an important role in the annual carbon balance of 
temperate ecosystems. Later senescence dates contribute to longer growing seasons in 
temperate and arctic regions (Garonna et al. 2014). Wu et al. (2013) found that changes 
in autumn leaf phenology better explain variation in annual net ecosystem productivity 
(NEP)—i.e., the balance between photosynthesis and respiration—in temperate forests 
than do changes in spring phenology. Delayed autumn leaf senescence is associated with 
increased NEP, meaning ecosystems tend to sequester more carbon in warmer years with 
later autumn phenology (Hollinger et al. 2004, Richardson et al. 2010, Keenan et al. 
2014). However, this result is not universal; autumn warming also elevates ecosystem 
respiration, occasionally outweighing increased autumn production, which can turn 
current carbon sinks into future carbon dioxide sources (Piao et al. 2008).  
 The variety of factors affecting autumn NEP complicates attempts to forecast the 
implications of longer growing seasons on NEP. At the Harvard Forest in Massachusetts, 
spring ecosystem respiration is dominated by respiring foliage, but autumn respiration is 
dominated by belowground root and microbial respiration (Giasson et al. 2013). 
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Furthermore, although they are often lumped together as ‘soil respiration,’ root and 
microbial respiration differ in their responses to environmental change (Savage et al. 
2013). The phenology of roots and microbial activity is poorly understood, and 
observations suggest substantial variability in root phenology of temperate tree species 
(McCormack et al. 2014). Additionally, root phenology cannot be determined from 
aboveground plant phenology (Abramoff and Finzi 2015). The lack of data regarding the 
partitioning of aboveground, root, and soil microbial phenological responses to climate 
change remains a large limitation in our understanding of and ability to forecast how 
autumn climate change will influence carbon sequestration. Given the magnitude and 
importance of above- and below-ground arctic and temperate carbon resources, the need 
for more ecosystem-level studies and models addressing autumnal phenomena remains 
great.  
Invasive species, pests, and pathogens in autumn 
Phenotypic plasticity and rapid evolution allow some invasive species to be more 
responsive to warmer autumn temperatures and later freezing events than many native 
species (Richards et al. 2006). Fridley (2012) found that many non-native invasive shrub 
species in the eastern United States gained an advantage of greater autumn carbon 
assimilation over native shrub species through delayed leaf senescence in autumn rather 
than through earlier leaf-out in the spring (Fig. 2.3). Thus, the lengthening growing 
season likely contributes to the advantage some invasive species, such as Amur 
honeysuckle (Lonicera subsessilis) and Japanese barberry (Berberis thunbergii), have 
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over many native shrubs, and might be considered as a bet-hedging strategy to maintain 
viable leaves despite the increasing risk of frost damage.  
Warmer autumn temperatures also present an advantage for some insect pests. By 
speeding development and delaying diapause, many insects produce more generations in 
warmer, longer growing seasons (Denlinger 2002). The diapause of Spruce beetles 
(Dendroctonus rufipennis) and Douglas fir beetles (Dendroctonus pseudotsugae) for 
instance, can be either disrupted or delayed with warmer autumn temperatures, extending 
both reproductive capacity and feeding activity (Bentz et al. 2010). Already, warmer 
autumn and winter weather has allowed bark beetle populations to increase and 
magnified damage to trees in western United States and Canada.  
There are consequences to human health as well. Warmer autumns have led to 
extended autumn activity of ticks and mosquitos (Estrada-Peña et al. 2004, Dukes et al. 
2009). Ticks (e.g. Ixodes species) continue to search for blood meals in autumn as long as 
temperatures remain above their activity thresholds, and have the potential to infect 
people with Lyme disease (Hancock et al. 2011). Delayed onset of winter allows 
amplification of both mosquito populations and their viruses (Haines et al. 2000): human 
infections of West Nile virus are much more prevalent in the fall, and some mosquito 
vectors are known to take a larger fraction of their blood meals from mammals in the fall 
following the departure of migratory birds (Gould and Higgs 2009). Similarly, wildlife 
such as caribou (Rangifer tarandus) are expected to experience a longer infective season 
by the nematode Ostertagia gruehneri with warmer temperatures in the spring and 
autumn, thus increasing their likelihood of infection (Molnár et al. 2013, Fig. 2.4). 
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Much published literature focuses on invasive species, pests, and pathogens that 
stand to benefit from climate change. Certainly, there will also be disadvantaged invasive 
species, pests, and pathogens. For instance, while some insect pests experience faster 
development times and increased generations, others respond to increased temperatures 
(those beyond their optimum range) with slower development times, lowered 
reproductive capacity, and increased mortality (Netherer and Schopf 2010). Many sap-
feeding insects respond to water-stressed host plants and decreased humidity with shorter 
lifespans, lowered fecundity, and elevated dispersal rates (Huberty and Denno 2004, 
Rouault et al. 2006). We also expect within-species, regional variation in the effects of 
climate change on autumn insect abundance based on temperature thresholds and range 
shifts. For instance, although native ash trees (Fraxinus sp.) in the northern United States 
are expected to experience heightened herbivory from the introduced emerald ash borer 
(Agrilus planipennis), trees that occur at lower latitudes are predicted to experience 
decreased herbivory (Liang and Fei 2014). 
 
Interspecies interactions  
Species rely on synchrony for interspecific interactions in autumn, just as they do 
in spring and other seasons. Some insects lay their eggs on particular fruits, birds 
consume certain types of fruit during migration, and many specialist insect folivores feed 
into autumn (Bale et al. 2002, Gosper et al. 2005, Xu et al. 2012). Asynchrony can result 
when interacting species experience different magnitudes or directions of phenological 
shift in response to climate change. In spring, climate change has resulted in asynchrony 
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between herbivores and leaves, flowers, and pollinators, and migratory birds and their 
insect prey, in some cases leading to decreases in survival and reproductive success (Both 
et al. 2006, Parmesan 2006, Kudo and Ida 2013). The variability of temporal shifts in 
autumn also creates possibilities for asynchrony, but these remain little studied. 
Songbirds primarily consume fruits during autumn migration, and many plants rely on 
birds to disperse their seeds (Gosper et al. 2005). However, climate change is advancing 
fruit-ripening dates and delaying songbird departures for many species (Menzel et al. 
2006, Ellwood et al. 2015b). This mismatch will change songbird diets, particularly for 
those short-distance migrants that depart late in the season. Invasive non-native plants 
often produce abundant fruits of low nutritional quality that last later into the autumn 
season (Gosper et al. 2005, Greenberg and Walter 2010). As many songbirds delay 
departures due to a warming climate, they will likely feed more on the fruits of invasive 
species, increasing invasive seed dispersal.   
The possibility of mismatches involving insects is both intriguing and largely 
unknown. Because invertebrates often have short generations times and large brood sizes, 
most have great capacity for tracking climate changes. Monophagous insects that feed on 
developing seeds and fruit might experience changing food resources if climate change 
affects the insects’ developmental timing. Additional broods will extend the presence of 
some species, exposing them to new complexes of predators, parasitoids, and pathogens. 
The tachinid fly Compsilura concinnata, introduced into North America from Europe to 
control gypsy moth (Elkinton and Boettner 2012), is now successfully producing an 
additional fall generation in New England (Jeff Boettner pers. comm.), which parasitizes 
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late-season notodontid moth caterpillars and other non-target species. Almost all of the 
studies documenting asynchrony between parasitoid insects and their hosts have been 
conducted in the spring when emergence asynchrony can be dramatic. The more subtle 
appearance of autumn phenomena does not mean that they have smaller effects on 
population dynamics—rather it means that much further study in this area is warranted. 
Even within a taxon the consequences of climate change are complex and likely 
to have both positive and negative effects. Taking the Monarch butterfly as an example, 
several studies have warned that climate change threatens the overwintering roosts in 
Mexico (Oberhauser and Peterson 2003), and there is mounting evidence that droughts in 
the south-central and Southwestern United States have contributed to the butterfly’s 
recent demographic collapse across eastern North America (Brower et al. 2015). Yet 
warmer average temperatures and prolonged autumnal conditions are favorable to larval 
development, and will shift the milkweed range to make more plants available to 
Monarchs in Canada and the northern United States (Pleasants and Oberhauser 2013). 
 
THE FUTURE OF AUTUMN RESEARCH 
Based on what is already known about autumn events, and the conspicuous gaps 
in our overall understanding on the topic, we make five core recommendations for future 
research into the effects of climate change on autumn phenology. 
 
1) Researchers should use factorial experiments and large-scale, multispecies 
observational studies to determine the mechanisms affecting autumn events, as well as 
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the underlying phylogenetic signals. Information on the factors controlling autumn events 
currently comes almost entirely from small-scale observational studies. Experiments that 
test the effects and interactions of factors—such as temperature, soil moisture, frost 
events, host plant quality, and photoperiod—will make it possible to isolate and quantify 
the drivers of leaf senescence, fruit ripening, and insect diapause and to improve models. 
Similarly, large-scale, multispecies studies will help quantify the role of shared 
evolutionary history of closely related species in influencing fall phenology. The findings 
that experimental warming studies underpredict the influence of temperature on spring 
phenology and that phenology is often phylogenetically conserved reinforce the 
importance of isolating drivers experimentally, accounting for phylogeny, and comparing 
experimental findings to long-term observational studies (Willis et al. 2008, Hadfield and 
Nakagawa 2010, Wolkovich et al. 2012, Davies et al. 2013).  
 
2) Autumn events should be methodologically and statistically treated as multiple-day 
events rather than single dates, and definitions should be standardized where possible. 
We encourage researchers to treat autumn events as multiple-day events, recording the 
beginning, duration, and end of autumn phenomena, and analyzing changes in each of 
these three response variables (Denny et al. 2014). This approach avoids the challenge of 
developing robust single-day definitions for each autumn event and more accurately 
reflects ecological reality. Where possible, researchers should aim to record metrics—
such as chlorophyll content or coloration—on a continuous scale, making it possible to 
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then determine rates of senescence, points of inflection in the season, or the timing of 
markers like 50% change (Richardson et al. 2010).  
Future research should prioritize the development and standardization of common 
empirical techniques and definitions, such as those developed by the USA National 
Phenology Network (Denny et al. 2014), for the sake of spatial and temporal 
comparisons. Leaf senescence observations could be standardized through the use of 
handheld chlorophyll meters and leaf litter measurements, and fruit ripening dates could 
be standardized with reference color samples and sugar content measured with a 
refractometer. Emerging technologies should be applied to standardizing autumn 
phenology measurements: smartphone apps for citizen scientists can enhance the spatial 
resolution of phenological observations, while geolocator tags and GPS tracking devices 
can be used to monitor the departures of inconspicuous migratory birds with improved 
accuracy and detail. 
 
3) Further research should examine the separate effects of climate change on the 
phenologies of aboveground, root, and microbial respiration, and assess the effects of 
changes in autumn phenology on the cycling of carbon and other key nutrients. Models 
that account for the differential changes in aboveground, root, and microbial respiration 
are necessary for reasonable forecasts of the effects of climate change on NEP and the 
cycling of carbon and nutrients. These components will be most easily differentiated by 
experiments examining the effects of warmer, drier autumns on the magnitude and 
phenology of root and microbe respiration belowground, as well as aboveground 
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respiration of leaves and wood. The dominance of autumn belowground respiration in 
carbon losses makes separating root and microbial respiration, and measuring widely 
across the temperate landscape, important next steps for reducing error in carbon cycling 
models. Keenan et al. (2014)’s method of combining satellite data, biosphere models, and 
ecosystem-level carbon flux measurements with long-term field observations is an 
excellent example of synthesizing approaches to investigate the effects of climate change 
on NEP. Expanding such methodologies will allow for better worldwide projections of 
carbon balance and feedbacks to climate change in autumn. 
 
4) Researchers should investigate the role of autumn climate change on the success of 
pests, pathogens, and invasive species, and the importance of these findings for 
recommended management practices. Given the disproportionate influence of pests, 
pathogens, and invasive species on ecosystems and society, forecasts of the effects of 
climate change and phenological changes must account for them (Molnár et al. 2013). 
Moreover, given the success of certain invasive plant species and pests in the autumn, 
conservation agencies might need to adjust how they identify which species are of the 
highest priority to manage. For effective management of these groups and their 
ecological communities, researchers should identify the features (e.g. origin site, feeding 
strategy, minimum temperature optimum) common to invasive species, pests, and 
pathogens that benefit from autumn climate change, as well as how changes to these 
groups impact species in the surrounding community. 
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5) Finally, autumn phenology changes have the potential to result in ecological 
mismatches and dietary changes among interacting species; priority should be given to 
studying species, such as specialists and migrants that are particularly vulnerable to 
environmental change. With many long-distance migrant bird and insect species already 
in decline due to loss of breeding, wintering, and stopover habitat, as well as other 
threats, mismatches for long-distance migrants should receive special attention. These 
mismatches are not limited to the complete loss of interactions—rather they can alter the 
quality of interactions, such as effects on the abundance or nutritional quality of food or 
on the strength of competitive or mutualistic interactions (Both et al. 2006, Parmesan 
2006). Adaptive plasticity will serve to mitigate some phenological mismatch through 
individual adjustments, however mismatches will likely still take effect at the 
community-scale. Future studies should aim to explore these relatively subtle effects of 
phenological changes on the quality of food and other factors, particularly for specialized 
and otherwise vulnerable groups, such as long-distance bird and insect migrants, 
organisms with complex cycles, and species with small effective population sizes. Thus, 
research in these areas will inform management recommendations that can help protect 
critical interactions for rare and otherwise imperiled species.  
  While we have focused here on five important research areas, there are other gaps 
in our knowledge of how climate change impacts autumnal phenomena. Remarkably few 
studies have followed the carry-over impacts of autumnal conditions on the following 
spring or followed individuals across multiple years. Another exciting topic in much need 
of study is the extent to which autumn responses to climate change are genetic versus 
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plastic. Do autumnal responses have more plasticity built into them than their vernal 
counterparts? We have the sense that organisms do more bet-hedging in the fall, perhaps 
because the fitness consequences for encountering frost are lower in autumn than 
spring—and if so, what are the underlying mechanisms that allow for such plasticity in 
response?  
 
CONCLUSIONS 
Research has identified many of the primary environmental drivers of autumn 
phenology. However, much uncertainty remains about the relative contributions of 
different drivers, how they interact with species’ life histories, and how temporal shifts 
will manifest at the community and ecosystem level. What we have outlined here are 
promising avenues for future research in autumn phenology, and possible implications for 
conservation management. This field remains wide open for discovery, particularly by 
way of experiments, mechanistic modeling, and observations of species interactions. We 
urge ecologists to study the effects of climate change and phenological changes in the 
autumn window, as so many studies have already accomplished for the spring. 
 
 
	  
		
21 
ACKNOWLEDGMENTS 
 Richard Primack and David Wagner were co-authors on this manuscript. We 
thank Abe Miller-Rushing, Pamela Templer, John Silander, Ernest Williams, Elizabeth 
Ellwood, Rose Abramoff, Yingying Xie, Katie Todd, Karen Oberhauser, Margaret Boeni, 
and Caitlin McDonough MacKenzie for their helpful comments and suggestions, and 
Caroyln Mills for assistance with the literature searches. We also thank Ally Phillimore 
and an anonymous reviewer for their detailed and thoughtful reviews. This work was 
supported in part by a National Science Foundation Graduate Research Fellowship under 
Grant No. DGE-1247312 (to ASG), a Humboldt Research Award (to RBP), and USDA 
COOP #14-CA-11420004-138 (to DLW). 
 
  
		
22 
TABLES AND FIGURES 
Table 2.1. Autumn has received less attention than spring in the climate change literature. 
Results shown are from a Scopus search conducted on December 11, 2014. The first 
search included ‘climate change’ (CC) and either ‘autumn’ or ‘spring’ (the terms ‘fall’, 
‘autumnal’, and ‘autumn*’ yielded many false hits, whereas the terms ‘spring’ and 
‘autumn’ yielded a large fraction of relevant titles and abstracts). Each subsequent search 
included ‘climate change’, as well as either ‘autumn’ or ‘spring’ and a taxon/plant organ 
search term, as listed in the left-hand column of the table (the asterisk represents the 
truncation/wildcard term). Results include the number of publications returned for all 
years. Autumn (%) indicates the percentage of the total citations for each taxon that 
include autumn in title, keywords, or abstract. The percentage for fruit is based on the 
combined fruit and flower total. 
 
‘Climate Change’ ‘Autumn’ ‘Spring’ Autumn (%) 
Climate Change (CC) 3248 8751 27.1 
‘Leaf*’ and ‘CC’ 212 549 27.9 
‘Bird*’ and ‘CC’ 100 413 19.5 
‘Insect*’ and ‘CC’ 73 188 28 
‘Fruit*’ and ‘CC’ 63 − 15.4 
‘Flower*’ and ‘CC’ − 346   
‘Mammal*’ and ‘CC’ 39 108 26.5 
‘Amphibian*’ and ‘CC’ 7 32 17.9 
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Figure 2.1. Expected phenological shifts of autumn events in response to climate change. 
We indicate how leaf senescence, bird departures, fruit ripening, and insect diapause are 
expected to respond to climate change in temperate ecosystems of eastern North 
America. Gray broken lines indicate the direction in which an event will shift; darker 
stippling indicates a response that is common, while lighter stippling indicates a response 
that is comparatively rare. Some of these changes are happening already. The data for 
leaf senescence and bird migration are most complete, while there is far less information 
on fruit maturation times and insect diapause. 
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Figure 2.2. Temperature explains more variation in spring than in autumn leaf phenology. 
Correlation coefficients (R2) between event date and the preceding mean monthly spring 
and autumn temperatures for four tree species in Germany (1951–2000). Data 
from (Menzel 2003). 
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Figure 2.3. Non-native invasive plants gain an advantage over native species with 
extended autumnal growth. Mean proportions (with standard errors) of seasonal carbon 
(C) assimilation (of total carbon assimilation) by native (green) and non-native (red) 
species (many of which are invasive) in autumn (after approximately 24 October). Many 
non-native species are better able to assimilate carbon in the autumn, and extend their 
growing season in comparison with native species. Colored asterisks on the bottom right 
reflect autumn carbon gain of less than 0.5%. The inset depicts comparisons between 
native and non-native members of different phylogenetic groups, with asterisks denoting 
the significance of comparisons (*, P<0.05; ***, P<0.001). Reproduced from (Fridley 
2012). 
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Figure 2.4. A warming climate will extend the infective period of the nematode 
(Ostertagia gruehneri), which causes disease in the caribou (Rangifer tarandus). In four 
seasonal climate scenarios, with black, blue, green, and red representing successively 
warmer climates, the temperature-dependent reproductive success of the nematode 
(indicated by the index Ro/C) is predicted by a model to start earlier in the year and 
extend later in the year as conditions warm. Nematode reproductive success, and its 
resulting ability to infect hosts, declines in summer as a result of the decreased ability of 
the nematode to survive hot weather. Reproduced from (Molnár et al. 2013). 
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CHAPTER THREE: HERBARIUM SPECIMENS SHOW PATTERNS OF 
FRUITING PHENOLOGY IN NATIVE AND INVASIVE PLANT SPECIES 
ACROSS NEW ENGLAND 
 
ABSTRACT 
Patterns of fruiting phenology in temperate ecosystems are poorly understood, 
despite the ecological importance of fruiting for animal nutrition and seed dispersal. 
Herbarium specimens represent an under-utilized source resource for investigating 
geographical and climatic factors affecting fruiting times within species, patterns in 
fruiting times among species, and differences between native and non-native invasive 
species. We examined over 15,000 herbarium specimens, collected and housed across 
New England, and found 3,159 specimens with ripe fruits, collected from 1849-2013. We 
examined patterns in fruiting phenology among 37 native and 18 invasive woody plant 
species common to New England. We compared fruiting dates between native and 
invasive species, and analyzed how fruiting phenology varies with temperature, space, 
and time. Spring temperature and year explained a small but significant amount of the 
variation in fruiting dates. Accounting for the moderate phylogenetic signal in fruit 
phenology, invasive species fruited 26 days later on average than native species, with 
significantly greater standard deviations. Invasive species fruit later, and have greater 
intraspecific variation in observed fruiting times, than native species, possibly providing 
food for birds and mammals in New England later into the year and increasing the 
likelihood that migratory birds will consume and disperse invasive seeds. Herbarium 
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specimens can be used to detect patterns in fruiting times among species. However, the 
amount of intraspecific variation in fruiting times explained by temporal and climatic and 
predictors is small, likely due to the extended period of fruiting.  
 
INTRODUCTION 
Warming seasonal temperatures associated with climate change have resulted in 
changes in phenology, or the timing of seasonal biological events, worldwide (Menzel et 
al. 2006, Ellwood et al. 2013). Abundant research has demonstrated that in temperate 
ecosystems, spring plant phenomena like flowering and leaf-out are predominantly 
advancing in response to warmer spring temperatures, and that species vary in the 
magnitude of their response to temperature (Willis et al. 2008, Polgar and Primack 2011, 
Wolkovich et al. 2012, Ellwood et al. 2013). Non-synchronous changes in the spring 
phenology of plants and animals have been shown to result in ecological mismatches 
(Visser et al. 2012). These mismatches, in turn, can seriously impact species’ success; for 
instance, birds that arrive after the peak of leaf-out and insect abundance have decreased 
reproductive success (Both et al. 2006). Autumn phenology, on the other hand, has 
received relatively little attention, and the potential for ecological mismatch has not yet 
been explored (Gallinat et al. 2015).   
Little is known about the effects of climate change on the timing of wild fruit 
ripening—a phenological event occurring primarily in autumn in temperate ecosystems—
at both local and broad geographical scales, despite the ecological importance of fruits 
(Gallinat et al. 2015). Fruits are a major source of food for small mammals and migratory 
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birds, while insects rely on fruits as a place to feed and to lay their eggs (Tiffney 2004, 
Gosper et al. 2005, Xu et al. 2012). Plants rely on the animals that eat their fruits as an 
important means of dispersal (Willson and Traveset 2000, Wenny 2001). Thus, 
mismatches in the timing of when fruits mature and various animal activities (e.g., 
reproduction, migration) occur can have important implications for both animals and 
plants. For instance, two recent studies (Ellwood et al. 2015b, Stegman et al. 2017) found 
that of 37 species of migratory birds that fly through Massachusetts in the autumn, 14 
have changed the timing of their migration over 44 years (1969-2012); ten species are 
passing through later in the season, while four are passing through earlier. Many of these 
autumn migrants rely on fleshy fruits as a food source during migratory stopovers 
(Suthers et al. 2000, Smith et al. 2013). Changes in the timing of fruit availability could 
impact the ability of birds to refuel during migration. Likewise, many fruiting plants 
depend on migrant birds as vectors of dispersal, and changes in the timing of migrant 
arrival could result in shifts in seed dispersal and the subsequent distribution and 
abundance of species. 
However, there are still many gaps in our understanding of the overall patterns of 
temperate fleshy fruit phenology, and the potential for fruiting dates to change over time, 
geographic space, and with climate change. Interspecific variation in fruiting times has 
not been well-documented, particularly across many species in a single community of 
fleshy-fruited plants—and it is unknown how the order in which species fruit varies from 
place to place. One study by Stiles (1980) estimated fruit dispersal times for over 100 
common bird-dispersed species in eastern deciduous forests, but estimates were limited to 
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a single, broad window per species (e.g. “Aronia melanocarpa: September à Winter”). 
Predictions about evolutionary trade-offs in fruiting phenology suggest that some plant 
species maximize their likelihood of dispersal by fruiting synchronously with other 
species when dispersers are most abundant, while other species maximize their likelihood 
of dispersal by fruiting asynchronously to minimize competition for dispersers 
(Thompson and Willson 1979, Stiles 1980, Skeate 1987). Variation in fruiting strategies 
may explain the breadth of fruiting times observed in some previous studies (Gorchov 
1987, Greenberg and Walter 2010).  
Invasive species in particular have been shown to capitalize on phenological 
windows of low competition to maximize their fitness with other phenological events, 
including leaf-out, flowering, and leaf senescence (Fridley 2012, Wolkovich and Cleland 
2014). Previous studies have shown that some invasive plants fruit later in the season 
than native plants, suggesting a potential late-fruiting invasive niche (White and Stiles 
1992, Gosper et al. 2005, Greenberg and Walter 2010). This theory is further supported 
by evidence of invasive seeds in fecal samples in the winter season (Drummond 2005) 
and by evidence that birds prefer native fruits to invasive fruits in some cases (Whelan et 
al. 1991, Smith et al. 2013, Nelson et al. 2017), making a competition-avoidance strategy 
more feasible for invasive species. However, the theory of a late-fruiting niche for 
invasive species has not been tested across many native and invasive species in one 
community.  
In addition, if evolutionary pressures for seed dispersal constrain fruiting times, 
related species likely follow similar strategies and fruit at similar times (i.e., phylogenetic 
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signal). This would also indicate that, as migration times shift, dispersers might encounter 
or miss groups of related species. While phylogenetic signal has been in observed in 
temperate communities for phenological events such as leaf out (Panchen et al. 2014) and 
spring flowering (Willis et al. 2008), phylogenetic patterns in temperate fruiting 
phenology have not previously been investigated.   
With respect to within-species shifts in fruiting times, previous studies have 
shown that warming temperatures primarily result in earlier fruiting, though species-
specific responses vary (Menzel et al. 2006, van Vliet et al. 2014). This may be due to the 
strong effects of temperature on flowering phenology, combined with a strong 
physiological link, and perhaps a set development time, between flowering and fruiting 
(Primack 1987). Sherry et al. (2007) found a more complicated pattern following 
experimental warming in a tallgrass prairie; in response to warm temperatures, the 
earliest species to flower in the spring advanced their fruiting dates, while species that 
flower later in the summer delayed their fruit phenology. 
Within-species patterns of fruit ripening across geographic space are also not 
well-known, though there are two possible competing hypotheses. The first is based on 
seed dispersal pressures; plants in northern latitudes produce fruits earlier than those in 
southern latitudes, because the growing season is shorter, provides a narrower window of 
warm weather for fruits to ripen before frosts, and fruiting earlier maximizes seed 
dispersal by migratory birds which pass through northern areas earlier in autumn before 
passing through more southern areas (Rathcke and Lacey 1985).  The second hypothesis 
assumes patterns of fruiting phenology mirror those of flowering; plants produce fruits 
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earlier in southern than northern latitudes because in the southern areas, weather gets 
warmer earlier in the year, and reproduction (flowering) generally starts earlier. If fruiting 
time is a result of flowering time plus fruit development time (Primack 1987, Hart et al. 
2016) fruiting for individuals of the same species would occur later in more northern 
latitudes. Data sets that capture intraspecific variation in fruiting over space and time are 
needed to investigate patterns with temperature and geography. 
Museums that house botanical specimens, known as herbaria, represent enormous 
resources of untapped data on fruiting and other plant phenological stages (Willis et al. 
2017). In New England, herbaria house millions of preserved specimens with fruit, 
flowers, and leaves at various stages, containing useful records of plant phenological data 
from the mid-1800s to the present (Primack et al. 2004, Lavoie 2013, Everill et al. 2014). 
Increasingly, herbarium specimens are being digitized and made available online, 
opening the possibility for large-scale studies of plant phenology, including broad 
regional and temporal variation (Tulig et al. 2012, Ellwood et al. 2015a, Willis et al. 
2017). 
In this study, we examined herbarium specimens of 55 fleshy-fruited tree, shrub, and 
vine species common to New England in order to answer four main questions: 
1. Is the order of fruiting among species consistent across geographic space?  
2. Is there a significant phylogenetic pattern to fruiting phenology?  
3. Do invasive species fruit later, on average, than native species? 
4. How much intraspecific variation in fruiting phenology is explained by 
temperature and geography? 
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We predict that species differ significantly in their fruiting times, due to evolutionary 
pressures for some species to reduce competition for seed dispersal. We predict that the 
order in which species fruit will be strongly consistent from state to state in the New 
England region, which would demonstrate that the constraints on when species fruit in 
relation to the plant community are consistent across geographic space, and that 
herbarium records are a repeatable tool for phenology studies. We expect there to be a 
significant phylogenetic signal in fruiting times, following evolved strategies among 
related taxa for maximizing seed dispersal. And we expect to find support for the theory 
that invasive species minimize competition with native species by fruiting significantly 
later in the autumn season. Finally, within-species, we predict that fruiting advances with 
warmer temperatures, as found in previous studies, and in more northern latitudes, due to 
geographic patterns in the passage of migratory seed dispersers.  
 
MATERIALS AND METHODS 
Examining specimens 
We examined over 15,000 herbarium specimens of 55 species of trees, shrubs, 
and vines for the presence of ripe fruits (Table 3.1). Specimens with ripe fruits present 
were collected from 1849-2013. We selected species that are common in New England 
forests and that produce fleshy, bird-dispersed fruits in summer and autumn. We 
examined 37 native species and 18 non-native, invasive species (that is, all non-native 
species included in the study were invasive). We identified a species’ status as native or 
invasive using the Invasive Plant Atlas of New England (IPANE) Current Species List 
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(https://www.eddmaps.org/ipane). All species included in this study had at least 5 
specimens with mature fruit, which we judged to be the minimum needed for determining 
mean fruiting time.  Most species had over 40 specimens. Two previous studies have 
shown that the density of specimens is greatest near universities and cities, and is less 
abundant in remote hilly areas of northern New England (Everill et al. 2014, Daru et al. 
2017). 
We examined all available specimens from seven of the largest herbaria in the 
New England geographic region: Brown University’s Stephen T. Olney Herbarium 
(BRU), Harvard University Herbaria (A, FH, GH), the George Safford Torrey Herbarium 
at the University of Connecticut (CONN), the University of Maine Herbaria (MAINE), 
the Hodgdon Herbarium at the University of New Hampshire (NHA), the Yale University	
Herbarium (YU), and the University of Massachusetts at Amherst Herbarium (AC, 
MASS, TUFT). We evaluated specimens on-site at the herbaria or online, using digital 
images when available (Fig. 3.1). 
We determined ripeness of herbarium specimens on a species-dependent basis. 
We considered a combination of characteristics to determine maturity such as fruit color 
and size (taking care to consider color changes that may have resulted from historical 
wear) as well as apparent softness when the specimen was created (for instance, fruits 
that appeared to have been somewhat flattened when pressed were considered ripe). This 
is a more detailed version of the criteria used by the National Phenology Network 
(https://www.usanpn.org/natures_notebook). Three research team members evaluated 
fruit ripeness; we calibrated our observations for each species and discussed difficult 
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specimens and species to determine the best combination of characteristics to classify 
ripeness.   
For all specimens containing at least one ripe fruit, we recorded the species, date 
of collection (day, month, and year), location (town, county, state), the name of the 
collector, the date on which we observed the specimen, and the specimen observer. To 
avoid over-representation of well-collected localities in the data set, including collecting 
excursions with multiple collectors working together, we recorded data for only one 
specimen per combination of the same date and location. For example, if three collectors 
all collected specimens with ripe fruits for the same species in the same location and on 
the same date, we recorded the data for only one of the three specimens. To clearly 
separate seasons, we considered specimens with ripe fruit collected between 1 March and 
31 May as hold overs from the previous season and removed them from subsequent 
analysis (n = 4). We also removed three records of Berberis spp. from June that had 
likely ripened in the previous year. Following these exclusions our data set included 
3,159 specimens with ripe fruit. Collection dates were converted from calendar date to 
day of year (DOY), which assign a value for each calendar date, counting up from DOY 
1 on January 1, 2 on January 2, and so on. We accounted for leap years in DOY 
calculations, and in cases where specimens were determined to still be ripe from the 
previous year, we calculated the DOY in the year of collection and added this value to the 
total DOY in the previous year (365 for most years, 366 for leap years). For instance, a 
Berberis thunbergii specimen collected on 12 February, 1942 was considered to be 
collection on DOY 408 (43 + 365) in the year 1941. 
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Climate data 
The broad temporal and spatial variation of this data set presented a unique 
challenge for analyzing patterns in fruiting phenology with changes in temperature. 
Long-term temperature records are available from weather stations across New England, 
and capture interannual variation beginning in the late-1800’s. However, these data do 
not capture fine-scale spatial variation in temperature. Remotely-sensed temperature data 
do capture fine spatial variation, however these data are only available for recent decades. 
To capture both types of variation, we assembled long-term regional, and short-term local 
records, and used them to create additional integrated temperature metrics. 
To capture interannual temperature variation, we used the NOAA Global 
Historical Climatology Network (GHCN: https://www.ncdc.noaa.gov/cdo-web/) (Menne 
et al. 2012) to calculate annual spring and summer temperature values for the greater 
New England region. We gathered records of mean monthly temperatures from 12 
weather stations located throughout New England, from stations in Storrs, CT, 
Middletown, CT, Eastport, ME, Madison, ME, Presque Isle, ME, Amherst, MA, Blue 
Hill, MA, Durham, NH, Hanover, NH, Keene, NH, Kingston, RI, and Enosburg Falls, 
VT. We selected these stations based on the completeness of their temperature data sets. 
These data allowed us to broadly describe annual variation in temperature patterns in 
New England after 1891, at which time ten of the 12 stations were recording data. Using 
the GHCN monthly averages, we calculated a regional average across all stations for 
annual spring temperature (April to June), and summer temperature (July to September). 
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We used simple linear regression to assess changes in spring and summer regional 
temperatures over time, as well as the relationship between the two seasons. 
To capture township-level spatial variation in temperature, we first determined the 
relative location for each specimen, using the center of the town (or city) of collection to 
identify the latitude and longitude of the specimen’s place of origin. Next, we accessed 
daily mean temperatures (taken as the mean of daily minimum and daily maximum 
temperature) at the township level (from 1980 to 2014) from the Daymet temperature 
database: daymet.ornl.gov/gridded (Thornton et al. 1997). We then calculated a 35-year 
average spring temperature (the average of daily mean temperatures from 21 March to 21 
June) and summer temperature (21 June to 21 September) for each township. While 
Daymet values could be used to describe both interannual and spatial variation between 
1980-2014, these values would not be available for specimens collected before 1980 (the 
majority of specimens in this data set). Thus, to create an integrated metric representing 
temperature in both the location and year of each collection for each specimen, we used 
GHCN regional temperatures to adjust Daymet local temperatures. We first subtracted 
the mean regional (GHCN) spring and summer temperatures in each year from the spring 
and summer average across all years, to identify anomaly values for each year’s deviation 
from the mean (positive anomaly values indicated warmer than average years, and 
negative anomaly values indicated colder than average years). Next, we added these 
anomaly values to the local average spring and summer temperatures (Daymet) to create 
integrated spring and summer temperature data that captured both inter-annual regional 
temperature variation (i.e. was it a warm or cold year?) and local microclimate 
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differences (i.e. was it a warm or cold place?). We included the GHCN spring and 
summer temperatures (available for 3,135 observations), and the integrated spring and 
summer temperatures (available for 2,936 observations) in the linear mixed effects model 
(see below).  
Phylogenetic assembly 
We built a phylogenetic tree based on DNA sequence data assembled for 54 of the 
55 species. We were unable to find sufficient sequence data for the taxon Crataegus 
macrantha. We also included the following taxa as an out-group in our phylogenetic 
assembly: Magnolia grandiflora, Austrobaileya scandens, Nymphaea alba, Amborella 
trichopoda, Pinus strobus, Ginkgo biloba, Gnetum gnemon, and Cycas simplicipinna.  
We used the program phyloGenerator2 (Pearse and Purvis 2013) to download, 
align and concatenate sequence data from GenBank (release 216, November 22, 2016; 
ftp://ftp.ncbi.nih.gov/genbank/) for the following markers: rbcL, matK, psbA, ITS, ndhF, 
trnL, and rps4. There were a total of 19,406 sites in the final concatenated, aligned 
matrix. The alignment was checked by visual inspection for major errors. We generated 
100 maximum-likelihood (ML) bootstrap phylogenies using RAxML-HPC v8 on the 
CIPRES portal v3.3 (Miller et al. 2010). A constraint tree was used to preserve known 
relationships between families. Divergence time estimates were performed for all 100 
ML bootstrap trees using the program TreePL (Smith and O’Meara 2012), based on eight 
major angiosperm node ages obtained from Bell et al. (2010). All subsequent 
phylogenetic analyses were conducted on the best-fit ML tree and across all 100 
bootstrap trees to account for phylogenetic uncertainty. 
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Data analysis 
All analyses were done using R Statistical Software, version 3.2.1 (R Core Team 
2016). To determine whether there were differences in the mean fruiting dates of species, 
we used Analysis of Variance (ANOVA), with each species as a factor and each 
specimen included as a replicate. To measure the consistency of the order of fruiting 
times across geographic space, we compared the order in which species fruited among the 
six states in New England. We used the mean fruiting date for each species within each 
state and conducted Pearson rank correlations between all possible state comparisons (15 
total combinations across 6 states). We applied Bonferroni corrections, making the 
threshold for significance P<0.003. 
We tested for phylogenetic signal in fruiting dates using Pagel’s l and 
Blomberg’s K, averaged across 100 bootstrap phylogenies using the ‘phylosig’ function 
in phytools v0.6.0 (Revell 2012). Pagel’s l can range from zero to one, with zero 
indicating no phylogenetic signal and one indicating the strongest phylogenetic signal 
(Pagel 1999). Similarly, Blomberg’s K of zero indicates no phylogenetic signal while 
Blomberg’s K of one or greater indicates a moderate to strong phylogenetic signal 
(Blomberg et al. 2003). 
To determine differences in mean fruiting dates and the standard deviation of 
fruiting dates between native and invasive species, we ran two Welch two sample t-tests, 
both with native vs. invasive status as the predictor variable, and with either species mean 
fruiting date or species mean standard deviation of fruiting date as the response variable. 
To determine differences between native and invasive species in mean fruiting dates 
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while accounting for phylogenetic signal in fruiting date, we fit a phylogenetic 
generalized least squares model to the data with native or invasive classification as the 
independent variable and fruiting date as the dependent variable. We ran the model on 
100 bootstrap trees to test for the effects of phylogenetic uncertainty using the ‘pgls’ 
function in caper v0.5.2 (Orme et al. 2013) but we did not find notable differences, so we 
present estimates from the best fit tree in the results. 
To test the response of fruiting time to location, temperature, and year, across all 
species, we used a linear mixed model (‘lme’ command in lme4 v1.1.13; Bates et al., 
2014). Fruiting date (DOY) was the response variable, species was treated as a random 
effect, and integrated mean spring and mean summer temperature, GHCN regional mean 
spring and mean summer temperature, latitude, longitude, and year collected were treated 
as fixed effects. Phylogeny was not included in this model, as the goal was to test for 
sensitivities within species and across all species, rather than among species. The best fit 
model was determined using maximum likelihood analysis; P-values for fixed effects 
were determined using the ‘Anova’ function in car v2.1.4 (Fox and Weisberg) and 
marginal R2 values were determined for significant fixed effects using the ‘rsquared’ 
function in piecewiseSEM v1.2.1 (Lefcheck 2016).  
To evaluate species-specific environmental drivers, we selected six (three each) of 
the most heavily sampled native and invasive species for further analysis: native 
Vaccinium angustifolium (n=184), Ilex verticillata (n=144), Viburnum nudum (n=140), 
and invasive Berberis vulgaris (n=78), Solanum dulcamara (n=134), and Rhamnus 
cathartica (n=79). For each of these species, we used multiple linear regression to 
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evaluate the amount of variation in fruiting dates that was explained by integrated spring 
or summer temperature, latitude, longitude, and year collected. For each of the focal 
species, we selected either spring or summer integrated temperature for inclusion in the 
model. To select one, we used simple linear regressions to determine if either metric was 
a significant predictor of fruiting date; if both models were significant, we selected the 
metric based on the model with the highest R2 value. If one model was significant, that 
metric was selected, and if neither was significant, we used summer integrated 
temperature.  
RESULTS 
Herbarium data 
Herbarium specimens contain large quantities of historical information on fruiting 
dates, at least in well-studied areas of New England. For the 55 fleshy-fruited species we 
examined, we found that approximately 20% of herbarium specimens had ripe fruits, 
resulting in 3159 data points representing dates of ripe fruit over a 165-year period (1849 
to 2013). Specimens with ripe fruits were collected anywhere from 5 June (Vaccinium 
corymbosum) to February 12 of the following year (Rosa multiflora) (Fig. 3.2A). 
Approximately sixty percent of the specimens we recorded as ripe were collected before 
1930 (Fig. 3.2B). Species were not all equally represented, with sample sizes ranging 
from 6 specimens (Lonicera xylosteum) to 184 specimens (Vaccinium angustifolium) 
(Table 3.1). 
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Species differences and phylogenetic signal 
The mean fruiting date across all species (the mean of species means) was 3 
September ±22 days (SD). The average fruiting date varied significantly among species 
(ANOVA, df=54, P<0.001); the earliest species were Amelanchier canadensis (7 July, 
±20 days), A. laevis (20 July, ±15) and Lonicera tatarica (21 July, ±10), and the latest 
species were Rosa multiflora (5 November, ±39) and Lonicera japonica (29 October, 
±33) (Table 3.1). The order of mean fruiting dates among species was consistent between 
states (e.g. between MA and CT, Pearson’s correlation coefficient = 0.86, all coefficients 
between states >0.42, P<0.003 for 13/15 cases), with the same early species fruiting at 
the beginning of the season and late species fruiting at the end of the season throughout 
New England (Table 3.2).  
We found significant phylogenetic signal in fruit ripening date (best-fit ML tree 
results: Blomberg’s K=0.28 P=0.011; Pagel’s Lambda=0.85, P=0.013; Fig. 3.3). 
Phylogenetic signal was not affected by phylogenetic uncertainty (Fig. 3.4). While some 
closely related species varied in fruiting time (e.g., the genus Lonicera included both 
early [Lonicera tatarica] and late [Lonicera japonica] species), the general pattern was 
that closely related species tended fruit at the same time of year. 
Native vs. invasive species 
The mean fruiting dates of native and invasive species were 26 August and 20 
September, respectively; a t-test showed the 25-day difference in averages between the 
two groups was significant (t=3.16, df = 23.17, P=0.004). Overall, 10 of the 12 earliest 
fruiting species were native species, and 10 of the 12 latest fruiting species were invasive 
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species (Fig. 3.3). When we grouped species by native and invasive status to compare 
species-specific standard deviations of fruiting times, we found the mean standard 
deviation for invasive species was significantly higher than that of native species (28 vs 
19 days, respectively; t=4.29, df=22.66; P<0.001), indicating that there is greater 
intraspecific variation in fruiting times for invasive species than native species. Results 
from the phylogenetic generalized least squares model indicated that, when accounting 
for phylogeny, there is a significant difference of 26 days between the fruiting dates of 
native and invasive species (PGLS results using best-fit ML tree: estimate = -26.0 ± 8.8, 
F=-8.7, P=0.005). Furthermore, these results were unaffected by phylogenetic uncertainty 
(Fig. 3.5). 
Factors correlated with fruit ripening across all species 
From 1892-2012, regional average (GHCN) temperatures significantly increased, 
by 0.09ºC/decade in both spring (R2= 0.16, P<0.001) and summer (R2= 0.16; P<0.001; 
Fig. 3.6). Spring and summer regional temperatures have a significant, though weak, 
positive relationship with each other, reflective of the highly variable New England 
climate (R2= 0.17, P<0.001).  
The full linear mixed model indicated that significant predictors of fruiting date 
included year collected, and integrated spring temperature (Table 3.3). In general, species 
are fruiting later over time and earlier in warm years. Maximum likelihood analysis of the 
full linear mixed effects model indicated the best fit model for predicting fruiting date 
across all species was: 
Fruiting date ~ year collected + integrated spring temperature 
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In the best fit model, year collected and integrated spring temperature explained a 
small amount of the total variation in fruiting phenology, with fruiting dates occurring on 
average 0.1 ± 0.02 days later per year (R2=0.002, c2=12.8, P=0.0003), and approximately 
1.0 ± 0.3 day/°C earlier with increasing integrated spring temperature (R2=0.002, 
c2=13.4, P=0.0002). Latitude, longitude, integrated summer temperature, regional spring 
temperature, and regional summer temperature did not significantly improve the model 
(P>0.05). 
Focal species 
Multiple regression analyses of six focal species indicated variation among 
species in which environmental factors significantly affected fruit ripening times and the 
strength of response (Table 3.4). For native Ilex verticillata and Viburnum nudum, and 
invasive Solanum dulcamara we found that none of the predictors (including latitude, 
longitude, summer temperature, and year collected) had a significant relationship with 
fruiting date (P>0.05). For invasive Rhamnus cathartica, there was a weak relationship 
between year collected and fruiting date, with fruiting delayed 0.2 days/year (P=0.01, full 
model R2=0.09). Native Vaccinium angustifolium showed significant advances in fruiting 
phenology with warmer integrated summer temperatures (-5.3 days/°C, df=173, P<0.001, 
full model R2=0.20), while invasive Berberis vulgaris showed delayed fruiting phenology 
with warmer temperatures (13.6 days/°C, df=65, P=0.004, full model R2=0.21).  
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DISCUSSION 
The autumn migration of many landbirds that consume and disperse the seeds of 
fleshy-fruited plants is becoming later over time and in warm years (Ellwood et al. 
2015b, Stegman et al. 2017); meanwhile, results from Europe indicate fruiting dates of 
temperate woody plants are advancing with warming temperatures (Menzel et al. 2006). 
Thus, there is growing potential for mismatch between birds and the fruits they eat and 
disperse. However, long-term fruiting records that would help address this concern are 
limited in the northeastern United States. This study is the first to examine the underused 
resource of herbarium specimens to examine patterns and changes in the fruit ripening 
times of temperate woody plants.  
Using herbarium data, we found significant differences in fruiting phenology 
among 55 wild fleshy-fruited species, with mean fruiting dates ranging from 7 July 
(Amelanchier canadensis) to 5 November (Rosa multiflora). The order of fruiting among 
species was consistent between states in New England, and we found a moderate 
phylogenetic signal in fruiting phenology—taken together, these large but geographically 
consistent difference among species’ fruiting times, and similarity between related taxa, 
reflect evolutionary constraints on the timing of fruit ripening. Particularly early- and 
late-fruiting species in this community may minimize competition with other fleshy-
fruited plants, and maximize their likelihood of dispersal by birds and other wildlife, by 
fruiting asynchronously with their neighboring species.  
Prior to this study, we hypothesized that this strategy would be employed by 
invasive species. Since invasive fruits have been shown in some cases to be less palatable 
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than native fruits (Levey and Rio 2001, Smith et al. 2013), and invasive species are 
known to increase their competitive abilities through extended phenological niches in 
other spring and autumn events (Wolkovich and Cleland 2014), we expected invasive 
species to fruit later, on average, than native species. We found that invasive species fruit 
on average 26 days later than native species, with phylogenetic patterns considered. We 
also found invasive species had broader periods of fruiting (i.e. greater intraspecific 
variation) than native species. Thus, native species had narrower windows of fruiting that 
occurred earlier in the season, while invasive species had longer fruiting seasons that 
occurred later in the season. This finding has particular conservation value considering 
the later migration of landbirds over time and in warm years (Ellwood et al. 2015b, 
Stegman et al. 2017). As climate warms, and some migratory birds stay in New England 
longer, they may be more likely to encounter and consume invasive fruits, propagating 
and dispersing the seeds of invasive species at a time when few native fruits are available. 
Future studies should examine what fruits late-migrating birds are eating, to determine if 
birds are in fact eating the abundant invasive fruits available later in the season. It is also 
possible that birds will not eat invasive fruits despite their late-season presence, due to 
their low nutritional quality compared to native fruits, unless nothing else is available 
(Smith et al. 2013). Avoidance of invasive fruits by frugivorous wildlife and their 
consequent persistence on the plants may have contributed to the presence of those fruits 
in the herbarium record later into the year. 
When we examined drivers of intraspecific variation in fruiting times, we found 
that, generally, fruiting dates were earlier in years and locations with warmer spring 
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temperatures, though generally later over time; however, these predictors both explained 
less than half of one percent of the observed variation in fruiting times. Later fruiting 
over time could be explained by a later date of first frost that might allow fruits to persist 
longer on the plants. The results of our focal species analysis help explain the weak 
trends with temperature and year of collection seen across all species in the linear mixed 
models. Whereas increasing temperature has been shown to predominantly advance 
flowering and leaf-out phenology across species in the spring (Ellwood et al. 2013, 
Everill et al. 2014), we found advances in fruiting with warming temperatures for 
Vaccinium angustifolium of about 5 days/°C, whereas for Berberis vulgaris increases in 
temperatures were associated with a delay of nearly 14 days/°C. However, even in these 
cases, temperature still explained a small amount of the total variation in fruiting dates. It 
is likely that fruiting is a more complex process than flowering and leaf-out and is 
affected by other environmental cues, like photoperiod, precipitation, and sunlight 
(Gallinat et al. 2015); and over evolutionary timescales it could be influenced by the 
migration timing of birds and the rate that birds remove fruits, rather than just 
temperature or location (Burns 2002). Given the evidence we found for modest and 
highly-varied species-specific responses to temperature, future studies of ecological 
mismatch between birds and fruits will require a specific understanding of which fruits 
are typically preferred and consumed by migratory bird species of interest—e.g. 
Neotropical migrants with declining populations (Holmes 2007).  
Surprisingly, we found no patterns in within-species fruiting phenology with 
geography (latitude or longitude), either in the mixed models or focal species models. 
		
48 
Prior to this study, we identified two competing hypotheses for the geographic patterns of 
fruit ripening. On the one hand, we expected fruits to ripen earlier in northern latitudes 
due to the earlier onset of cool autumn weather and earlier migratory bird activity 
(Rathcke and Lacey 1985); on the other hand, fruits could ripen earlier in southern 
latitudes due to warmer temperatures and earlier flowering times, which are 
developmentally linked to fruiting times (Primack 1987). Although our data did not 
support either of these hypotheses, geographic patterns of fruiting remain worthy of 
future study. Our results indicate that herbarium specimens, as they were used in this 
study, may lack the temporal resolution to clearly address within-species phenological 
responses to environmental cues.  
Throughout this study, we evaluated herbarium specimens by visiting herbaria 
and viewing images of specimens online. We found that we could use both methods 
effectively to identify and evaluate fruiting specimens and gather data that otherwise 
would have been overlooked. The digitization of specimens greatly benefitted this study 
as it allowed us to examine herbarium specimens remotely; this method may be important 
in the future for studies to quickly gather phenological information from widely scattered 
herbaria (Willis et al. 2017). Our analysis comparing the order in which species fruit 
between states showed that the fruiting data we collected from herbarium specimens 
reflected repeatable patterns of fruiting in nature, and that the method and data could 
contribute to the studies of climate change and phenology.  
Prior studies that have used herbarium specimens to determine past dates of 
phenology have focused on flowering and leaf-out (Primack et al. 2004, Everill et al. 
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2014, Davis et al. 2015, Willis et al. 2017). These studies have shown strong temperature 
effects on flowering and leaf-out using data from herbarium specimens. It is possible that 
the relationship between temperature and fruiting date is weak in the species we 
observed, but considering Menzel et al. (2006) found that the average shift in fruiting 
dates with summer temperature in Europe was -2.18 days/ºC (± 0.34 SE), and our focal 
species analysis showed weak trends for some heavily-sampled species, we suspect this is 
not the case. Rather, our results suggest that herbarium specimens may not offer a fine 
enough resolution temporally or spatially to show climatic and geographic effects on the 
phenology of fruit ripening. Because leaf-out and flowering are processes that take place 
over a much shorter time period of a week or two, a single specimen can offer much 
information and give an accurate estimate for the peak phenology of an individual plant 
or population. Conversely, because fruiting is such a long process, often taking place over 
many weeks or even months, it is uncertain whether fruit-bearing herbarium specimens 
were collected at the beginning, peak, or end of fruiting. Future studies could address this 
challenge by collecting more detailed information on the fruiting stages observed, using 
counts or proportions of ripe fruits, unripe fruits, and past ripe fruits, to improve fruiting 
estimates for intraspecific analyses.  
Variation in the removal rates of fruits by animals adds an additional layer of 
variation to herbarium fruiting records. For example, years with greater numbers of 
frugivorous birds could lead to the rapid removal of fruits from plants, and the 
appearance that plants fruited earlier; while years with fewer birds could lead to slower 
removal of fruits and the appearance that fruits ripened later simply because they 
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persisted longer on the plants. Also, the still-frame characteristic of herbarium records 
shows the presence of past events and not necessarily the absence, making it difficult to 
identify a close temporal window of fruiting phenology for a particular time or place. The 
addition of negative data (i.e. dates of collection for specimens without fruit) might help 
to address this issue in future studies.  
The challenges associated with using herbarium specimens reinforce the need for 
comprehensive data sets for phenology (e.g., better representation of species, locations, 
long time series, and different phenological phases, such as germination, leaf-out, 
flowering, fruiting, seed dispersal, and leaf senescence), especially given the sensitivity 
of phenology to climate change (Gallinat et al. 2015, Thackeray et al. 2016). A system 
that could automatically identify particular phenological characteristics like ripe fruit—
similar to methods being developed to characterize leaf morphology in digitized 
specimens (Corney et al. 2012, MacLeod and Steart 2015)—could reduce the time 
needed to search through herbarium records for phenological data, and improve the speed 
with which researchers access negative data. Similarly, current efforts to digitize 
herbarium specimens and their information will allow researchers to more readily use this 
valuable neglected data source (Haston et al. 2012, Tulig et al. 2012, Ellwood et al. 
2015a, Schorn et al. 2016). Recently, digitization has allowed for the analysis of biases in 
herbarium specimens—including collection biases toward common species, collection 
sites near herbaria, and collecting on weekends—that can be used to better understand 
and utilize this rich data source (Daru et al. 2017). Lastly, we found that about 20% of the 
herbarium specimens we observed were collected during fruiting; by comparison, Everill 
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et al. (2014) found 15% of specimens they observed were collected during leaf-out, and 
Park and Schwartz (2015) found that 97% of samples listed by herbaria as having 
phenological data were collected while in flower. The classification of specific 
phenological characters during digitization would greatly facilitate the analysis of less 
common phenological events. 
 
CONCLUSIONS 
In conclusion, although herbarium specimens have been used to estimate past 
dates of flowering and leafing-out, they have limitations for estimating past fruiting 
phenology. Herbarium specimens are valuable in discerning differences in fruiting 
phenology between species, which is crucial in understanding how functional groups like 
native and invasive species may differ in terms of phenology, but temporal resolution 
appears to be too low to estimate the influence of temperature and interannual variation 
on fruiting phenology. In our study, native species were found to fruit, on average, 26 
days before invasive species, and with lower variability in their fruiting times. We need 
to determine if invasive species provide crucial late-ripening fruits to birds that are 
remaining in or migrating through New England in autumn and overwintering in the 
region. 
  
		
52 
ACKNOWLEDGMENTS 
Luca Russo, Charles G. Willis, Eli K. Melaas, and Richard B. Primack were co-
authors on this paper. We thank the collectors and staff that provided access to herbarium 
specimens for this project, including staff at Brown University’s Stephen T. Olney 
Herbarium, the Harvard University Herbaria, the George Safford Torrey Herbarium at the 
University of Connecticut, the University of Maine Herbaria, the Hodgdon Herbarium at 
the University of New Hampshire, the Yale University Herbarium, and the University of 
Massachusetts at Amherst herbarium. We thank Abe Miller-Rushing, two anonymous 
reviewers, and an associate editor at the American Journal of Botany for their helpful 
comments on this manuscript. This material is based upon work supported by a National 
Science Foundation Graduate Research Fellowship to Gallinat under Grant No. DGE-
1247312.  
	  
		
53 
TABLES AND FIGURES 
Table 3.1. Species for which herbarium data were collected, including native/invasive 
status, mean fruiting date as day of year (DOY) ± SD, and calendar date, and total 
number of fruiting specimens observed (n).  
Species Native/Invasive Fruiting Date Calendar Date n 
Amelanchier 
canadensis Native 188 ± 20.3 7 July 45 
Amelanchier laevis Native 201 ± 14.7 20 July 48 
Lonicera tatarica Invasive 202 ± 10.3 21 July 16 
Rubus idaeus Native 212 ± 19.0 31 July 43 
Vaccinium 
angustifolium Native 212 ± 20.6 31 July 184 
Rubus 
phoenicolasius Invasive 215 ± 23.8 3 Aug 18 
Cornus stolonifera Native 218 ± 23.8 6 Aug 55 
Cornus canadensis Native 220 ± 14.4 8 Aug 51 
Vaccinium 
corymbosum Native 221 ± 20.5 9 Aug 155 
Prunus 
pensylvanica Native 221 ± 31.4 9 Aug 27 
Cornus alterniflora Native 225 ± 19.0 13 Aug 45 
Prunus virginiana Native 225 ± 22.9 13 Aug 71 
Rubus frondosus Native 227 ± 14.9 15 Aug 44 
Lonicera morrowii Invasive 227 ± 28.1 15 Aug 63 
Vaccinium pallidum Native 232 ± 18.7 20 Aug 35 
Prunus serotina Native 233 ± 23.3 21 Aug 35 
Viburnum lentago Native 233 ± 27.0 21 Aug 95 
Gaylussacia 
baccata Native 234 ± 16.3 22 Aug 97 
Viburnum 
lantanoides Native 234 ± 17.6 22 Aug 69 
Viburnum nudum Native 235 ± 20.3 23 Aug 140 
Rubus canadensis Native 236 ± 15.9 24 Aug 44 
Rubus 
alleghaniensis Native 237 ± 13.3 25 Aug 70 
Lonicera xylosteum Invasive 237 ± 28.2 25 Aug 6 
Vitis lambrusca Native 240 ± 21.4 28 Aug 38 
Aronia 
melanocarpa Native 241 ± 21.4 29 Aug 137 
Rhamnus frangula Invasive 241 ± 28.1 29 Aug 45 
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Solanum dulcamara Invasive 242 ± 32.4 30 Aug 134 
Vitis riparia Native 244 ± 20.9 1 Sept 37 
Viburnum dentatum Native 245 ± 18.2 2 Sept 70 
Rosa rugosa Invasive 245 ± 28.3 2 Sept 38 
Sassafras albidum Native 246 ± 18.6 3 Sept 20 
Cornus racemosa Native 247 ± 21.1 4 Sept 49 
Viburnum 
acerifolium Native 248 ± 23.2 5 Sept 53 
Parthenocissus 
quinquefolia Native 250 ± 16.0 7 Sept 44 
Cornus amomum Native 251 ± 13.4 8 Sept 53 
Rosa virginiana Native 252 ± 21.7 9 Sept 62 
Lindera benzoin Native 252 ± 22.0 9 Sept 44 
Phytolacca 
americana Native 256 ± 20.8 13 Sept 33 
Crataegus 
chrysocarpa Native 259 ± 15.2 16 Sept 50 
Crataegus 
macrosperma Native 260 ± 14.1 17 Sept 97 
Nyssa sylvatica Native 260 ± 18.7 17 Sept 26 
Crataegus 
macrantha Native 261 ± 9.0 18 Sept 54 
Berberis vulgaris Invasive 262 ± 34.5 19 Sept 78 
Ampelopsis 
brevipendunculata Invasive 263 ± 24.4 20 Sept 24 
Rhamnus cathartica Invasive 266 ± 26.0 23 Sept 79 
Ilex verticillata Native 269 ± 18.1 26 Sept 144 
Smilax rotundifolia Native 271 ± 32.0 28 Sept 25 
Celastrus 
orbiculatus Invasive 280 ± 25.4 7 Oct 62 
Berberis thunbergii Invasive 280 ± 26.4 7 Oct 60 
Ligustrum vulgare Invasive 283 ± 21.3 10 Oct 28 
Elaeagnus 
umbellata Invasive 287 ± 28.0 14 Oct 43 
Euonymus alatus Invasive 293 ± 22.7 20 Oct 34 
Ligustrum 
obtusifolium Invasive 294 ± 50.3 21 Oct 8 
Lonicera japonica Invasive 302 ± 32.8 29 Oct 16 
Rosa multiflora Invasive 309 ± 38.5 5 Nov 18 
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Table 3.2. Pearson rank correlation coefficients, comparing the order of species’ mean 
fruiting dates between states. Bonferroni corrections resulted in a threshold for 
significance of P<0.003 (* indicates significance), and the number of shared species 
included in each test is shown in parentheses. 
 
 
  
  
M
A
 
C
T 
V
T 
N
H
 
R
I 
M
A
 
1 
  
  
  
  
C
T 
0.
86
* 
(5
2)
 
1 
  
  
  
V
T 
0.
73
* 
(5
2)
 
0.
75
* 
(3
5)
 
1 
  
  
N
H
 
0.
84
* 
(5
2)
 
0.
82
* 
(4
9)
 
0.
51
 (3
7)
 
1 
  
R
I 
0.
69
* 
(3
9)
 
0.
65
* 
(3
7)
 
0.
42
 (2
5)
 
0.
54
* 
(3
6)
 
1 
M
E 
0.
88
* 
(4
9)
 
0.
87
* 
(4
6)
 
0.
77
* 
(3
6)
 
0.
81
* 
(4
7)
 
0.
72
* 
(3
6)
 
	
		
56 
Table 3.3. Linear mixed model results, with fruiting day of year (DOY) as the response 
variable, species as a random effect, and the following predictors: year the specimen was 
collected, latitude and longitude of collection, regional spring and summer temperatures 
for the township where the specimen was collected (averaged over 35 years), and 
integrated mean spring and summer temperatures (with regional temperatures adjusted by 
an annual temperature anomaly). 
Predictor Variable Coefficient SE t value P-value 
Year 0.073 0.019 3.943 00008 
Latitude -0.370 0.751 -0.492 0.623 
Longitude 0.553 0.577 0.958 0.338 
Regional Spring Temp -0.279 2.451 -0.114 0.909 
Regional Summer Temp 1.476 2.433 0.607 0.544 
Integrated Spring Temp -1.960 0.562 -3.486 0.0005 
Integrated Summer Temp 0.186 0.692 0.269 0.788 
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Table 3.4. Multiple linear regression results comparing predictors of fruiting day of year 
(DOY) across six focal species. Each row shows the results of a multiple linear 
regression model including the coefficients for one of two seasonal temperature variables 
(selected based on the highest R2 value from simple linear regression), latitude, longitude, 
and year collected (significant variables are indicated with ***= P<.001; **=P<0.01; 
*=P<0.05) and the R2 value for the full multiple regression model. Vaccinium 
angustifolium, Ilex verticillata, and Viburnum nudum are native species; Berberis 
vulgaris, Solanum dulcamara, and Rhamnus cathartica are invasive species. 	
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Figure 3.1. Image of an herbarium specimen accessed online from the University of 
Connecticut’s George Safford Torrey Herbarium 
(http://bgbaseserver.eeb.uconn.edu/database.html). (A) A complete digitized Berberis 
thunbergii specimen with ripe fruits; (B) the tag of the same specimen, detailing the 
location and date of collection and collector; (C) a closer image of ripe fruits on the 
specimen. 
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Figure 3.2. Distributions describing years and dates on which species with ripe fruits 
were collected. (A) shows the distribution of years in which specimens with ripe fruit 
were collected (ranging from 1849-2013). (B) shows the distribution of dates, presented 
as day of year (DOY), on which specimens were collected; DOY > 365 indicate 
specimens for which fruits were determined to be retained from the previous year. 
Distributions include all specimens of all species collected across all states, and the 
number of specimens from invasive species (red) and native species (green) are indicated.  
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Figure 3.3. The mean and standard deviation of fruiting dates for each of 55 species. 
Species are ordered from earliest mean fruiting date (far left) to latest mean fruiting date 
(far right), with native species shown in blue and invasive species in red. Error bars 
indicate 1 standard deviation from the mean.  
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Figure 3.4. Phylogenetic patterns of fruit ripening in 55 woody plant species. The ripe 
fruit date of each species represents the mean collection date of all herbarium specimens 
of that species observed with ripe fruits. Warm colors indicate earlier ripe fruit dates and 
cool colors indicate later ripe fruit dates (means range from July 7 to November 5); 
invasive species are indicated with bold text. The phylogeny presented is the best-fit ML 
phylogeny. Values represent day of year. 
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Figure 3.5. Distribution of phylogenetic signal in fruiting dates (Blomberg’s K and 
Pagel’s Lambda) across 100 bootstrap maximum likelihood trees. Figures indicate the 
distribution of results for 100 analyses including (A) Blomberg’s K, (B) P-value for 
Blomberg’s K, (C) Pagel’s Lambda (D) P-value for Pagel’s Lambda. The value from the 
analysis using the best-fit ML tree is indicated with a red line. 
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Figure 3.6. Phylogenetic generalized least-squares (PGLS) analysis of fruiting dates 
across 100 bootstrap maximum likelihood trees. Each figure indicates the distribution of 
results for 100 PGLS analyses for the following model outputs: (A) model estimates (i.e., 
difference between native and invasive species), (B) F-value, (C) P-value, and (D) 
Akaike Information Criterion (AIC) score. The value from the PGLS analysis using the 
best-fit ML tree is indicated with a red line. 
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CHAPTER FOUR: PATTERNS AND PREDICTORS OF FLESHY FRUIT 
PHENOLOGY AT FIVE INTERNATIONAL BOTANIC GARDENS 
 
ABSTRACT 
In contrast to our growing knowledge about the patterns and drivers of spring 
phenological events like flowering and leaf-out times, wild fruiting phenology remains 
poorly understood. We examined the sequence, patterns across years and locations, and 
drivers of fruit ripening across 406 temperate, fleshy-fruited, woody species at five 
botanical gardens across three continents over two years (2014-2015). We found that 
across all gardens, ripe fruits were present from late-May of the current year to March of 
the following year, with peak fruiting ranging from under one week for some species to 
over 150 days for others. We found that first fruiting and onset of peak fruiting dates 
were strongly correlated with one another within sites, and were more consistent between 
years and sites than the end of peak fruiting, and last fruiting date. The order of fruiting 
between years and gardens was moderately consistent. There was a significant 
phylogenetic signal to both fruit ripening times and the duration of fruiting. There was no 
relationship between fruiting times and growth form, fruit yield, or fruit size, but a weak, 
significant positive relationship between fruiting and flowering times. The consistent 
order of fruiting between years and locations points to fruiting times for a given 
individual being dependent on species-specific responses to environmental conditions. 
Wide variation in the timing of fruit ripening across species and extreme variation in the 
duration of peak fruiting reinforces the importance of understanding how plant species 
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interact with their primary dispersers and monitoring the health and consistency of these 
interactions. 
 
INTRODUCTION 
Fruit ripening is an important ecological event that completes the annual plant 
reproductive cycle throughout temperate ecosystems (Primack 1987, Hedhly et al. 2009). 
The phenology of fruit ripening is important for life cycle events and trophic interactions 
including seed dispersal by animals, feeding on fruits by insects, birds, and mammals, 
and insects laying eggs in fruits and seeds (Parrish 1997, Xu et al. 2012, Lee et al. 2015, 
Wenny and Whelan 2016). Fleshy-fruited plants rely on associations with frugivorous 
wildlife in the autumn for seed dispersal (Parrish 1997); as migratory birds stop to refuel 
on the path to their wintering grounds, the phenology of fruiting is a critical factor 
determining the strength of bird-fruit associations (Thompson and Willson 1979). Despite 
the importance of autumn fleshy fruit phenology, however, there are many unanswered 
questions with respect to patterns and drivers of fruiting phenology in temperate 
ecosystems worldwide (Gallinat et al. 2015).  
A few published studies have documented the sequence of fruit ripening in wild 
plant communities, typically with limited numbers of species; for instance, Greenberg 
and Walter (2010) showed that in the Southeastern USA, ripening times varied among 
seven species of late-season bird-dispersed fruits; these species entered peak fruiting 
from September to December, and most passed peak fruiting between January and April 
(although two species, Ilex opaca and Smilax rotundifolia, had fruits persisting past 
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April). Gorchov (1987) used fruiting phenology records for 16 species collected from 
1886-1894 in Ohio, USA, to show that mean fruit ripening dates ranged from July 21-Oct 
7, and while the average fruiting date for a single species could vary between years by as 
many as 53 days, the order of fruiting among species remained highly consistent between 
years. While the authors describe fruit phenology for a limited number of species, these 
studies provide evidence that fruit ripening phenology and duration can vary widely 
among species and between years, as well as some indication that the sequence of fruiting 
within plant communities is consistent over time. However, it is not known how 
consistent fruiting is for the same species across geographic locations. 
Fruiting times may follow phenological patterns according to relatedness, local 
environmental factors, and life history characteristics, as have been noted in flowering 
and leaf-out phenology (Willis et al. 2008, Panchen et al. 2015). The strong phylogenetic 
patterns present in flowering and leaf-out phenology beg the question of whether related 
plants may also share similar fruiting phenology. Fruiting times are thought to be 
primarily driven by internal cues (Rathcke and Lacey 1985), but many wild and 
agricultural species fruit earlier in response to warmer temperatures (Menzel et al. 2006, 
van Vliet et al. 2014) and increased sunlight (Chorti et al. 2010). Flowering phenology 
has been shown in some cases to be a predictor of fruiting phenology, explaining over 
30% of the temporal variation in fruiting time in a study of 34 fleshy-fruited species 
(Eriksson and Ehrlén 1991), and is often as a stronger predictor when combined with fruit 
size (Bolmgren and Lönnberg 2005, Hart et al. 2016). Additionally, fruiting data from 
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herbarium specimens in New England, USA, suggest that invasive species have later 
average fruiting dates than native species (Gallinat et al. in press).  
The lack of studies on the sequence and patterns of fruit ripening, and the limited 
number of species included in existing studies, leave many gaps in our basic 
understanding of fruiting phenology. First, in temperate ecosystems, the duration and 
sequence of fruit ripening from summer to autumn remains largely undescribed. 
However, as some frugivorous birds advance their autumn migration times and others 
delay their migration in response to climate change (Ellwood et al. 2015b, Stegman et al. 
2017), understanding which plant species (or groups of related species, in the case of 
phylogenetic patterns) fruit earliest and latest in the migration season is critical for 
anticipating changes in bird diets and seed dispersal. In addition, birds are known to 
exhibit preferences for fruits of particular plant species. These preferences have been 
linked to nutritional quality, including energy density, water, fat, and antioxidant 
contents, etc., (Smith et al. 2007, Alan et al. 2013), native or exotic status (Smith et al. 
2013), and plant distributions (Carlo and Morales 2008, Smith and McWilliams 2014). 
Given the importance of these frugivory associations to bird survival during migration, 
and plant reproduction through seed dispersal, it is of interest whether a broad range of 
temperate species show variation in the duration of fruiting (a shorter fruiting duration 
may indicate rapid removal by wildlife) and whether durations are similar for related 
plant species. 
It also remains unknown how consistent the order of species fruit ripening is from 
year to year, and between locations for a given species. Past studies have shown that the 
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sequence in which species leaf out in spring is highly consistent across years and 
geographic locations (Panchen et al. 2014), while the sequence in which species undergo 
autumn leaf senescence is much less consistent (Panchen et al. 2015). If the order of fruit 
ripening is highly consistent, this pattern would indicate strong evolutionary pressure to 
maintain a specific phenological window in relation to the broader plant community (and 
similar responses to environmental cues across species), while if the sequence varies 
between years and locations, varied species-level responses to different local 
environmental cues like temperature, precipitation, and sunlight may have a larger 
influence on fruiting times. Since the fruit ripening season is often protracted even for 
individual plants (Gallinat et al. 2015), it is also important to identify the most consistent 
phase of fruiting (i.e. the beginning, peak, or observed end of fruiting) and the correlation 
between the timing of various phases within species; this will help to determine the most 
efficient way to monitor fruiting times in future studies. Monitored fruiting phases should 
also take into consideration which information will be useful to understanding the 
importance of fruits to wildlife; for instance, researchers may choose to monitor fruiting 
duration or the duration of peak fruiting. Lastly, few prior studies have tested the 
possibility that some life history traits can predict patterns of fruit phenology in a large 
number of species. For instance, species with similar fruit size, fruit yield, and growth 
form (tree, shrub, or vine) may fruit at similar times. (Hart et al. 2016) found that the 
interaction between flowering time and fruit size, for instance, could predict fruiting 
phenology in Rhododendron spp.  
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In order to address these outstanding questions about the sequence and patterns of 
fruiting phenology, we collected and analyzed data on the fruit ripening times of 406 
temperate, woody, fleshy-fruited species across five botanical gardens on three continents 
over two years. We asked the following questions: 1) Which fruiting phases are the most 
consistent within species, across years and locations, for monitoring in phenological 
studies? 2) How consistent is the sequence of fruit ripening, between two years at a single 
location, and across sites in the same year? 3) What is the sequence of fruiting in summer 
and autumn, and do closely related species have similar fruiting times? 4) How well do 
life history traits, including fruit size, fruit yield, and growth form (i.e. tree, shrub, or 
vine) predict when species ripen? The answers to these questions address the current gaps 
in our basic understanding of fleshy fruit ripening times, and provide the basis for 
creating more complex models of how changes in community composition and climate 
change might affect seasonal fruit availability in temperate, wild plant communities.    
 
MATERIALS AND METHODS 
We monitored weekly the fruit ripening of fleshy-fruited woody species at five 
northern hemisphere temperate botanical gardens: The Arnold Arboretum 
(Massachusetts, USA), Berlin Botanic Garden (Berlin, Germany), Beijing Botanic 
Garden (Beijing, China), Morton Arboretum (Illinois, USA), and the US National 
Arboretum (Washington, D.C., USA) (Table 4.1). Monitoring durations (including start 
and end dates of observer activity) differed among gardens in both years, with most 
gardens monitoring from early-June to mid-November in 2015 (Table 4.1). Monitoring 
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extended to the following March for the Beijing Botanic Garden, Berlin Botanic Garden, 
and US National Arboretum. We monitored 406 woody plant species across the five sites 
and both years (2014: 267 species; 2015: 391 species), representing 32 plant families. We 
did not monitor every species at every site, but 127 species were monitored in at least two 
sites. In 2015, the Berlin Botanic Garden also recorded first flowering dates for 98 
species with first fruiting data.  
 At each of the five sites, we recorded the day of year on which the following four 
fruiting stages occurred on an individual tree, shrub or vine within each year (keeping the 
individual consistent within each year): first fruiting date (at least one ripe fruit present), 
onset of peak fruiting (at least 50% fruits ripe), end of peak fruiting (less than 50% ripe 
fruits still present, with more than 50% having fallen or been removed), and last fruiting 
date (the last date on which ripe fruits were observed). These phases were adapted from 
the National Phenology Network Nature’s Notebook protocol that combines recording 
the presence and intensity of a phenological event (Denny et al. 2014). Fruit ripeness was 
determined on a species-specific basis and involved qualitative measures of size, color, 
and texture changes. Observers kept notes on these features in order to ensure consistency 
of observations among arboreta and observers. While most stages were recorded for all 
species, if a stage was not recorded it was not included in the data set (this results in 
slight differences in species totals when comparing different stages). For cases in which 
multiple individuals were monitored from the same species, we calculated an average 
date across individuals for each of the four fruiting phases within a given location. 
However, in most cases one representative plant was monitored per species, as botanical 
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gardens often only have one individual plant per species, and multiple individuals of a 
given species generally have similar fruiting phenologies. We calculated the duration of 
peak fruiting by subtracting the onset of peak fruiting date from the end of peak fruiting 
date, for each species in each location in each year.  
We characterized all species by dominant growth habit (tree, shrub or vine). For 
23 species at the Arnold Arboretum and 93 additional species at the Morton Arboretum 
we recorded an average fruit size in volume (mm3) calculated from fruit length and width 
measurements of at least two fruits per species. For 18 species at the Arnold Arboretum 
(17 of the species for which volume was estimated, plus one species) and 95 species at 
the Morton Arboretum (all 93 species for which volume was estimated, plus two 
additional species), we estimated total fruit yield as 1-100, 101-1000, or >1000 fruits per 
plant. 
Data analysis 
All statistical analyses were conducted using R statistical software, version 3.4.2 
(R Core Team, 2017). To determine the most consistent stages of fruit ripening 
phenology for use in subsequent comparative analyses, we examined correlations 
between years across all plant species for each of the stages (e.g. we correlated first 
fruiting date in 2015 versus first fruiting date in 2014) at the two sites with most species 
monitored in both years (Arnold Arboretum, n=198-206, and Berlin Botanic Garden, 
n=100-108, depending on stage); this analysis resulted in eight correlations, and 
Bonferroni corrections were applied so that the threshold for significance was p<0.006 
(a=0.05 with 0.05 divided by 8). To measure the extent to which the timing of different 
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fruiting stages relate to one another, we used linear models to determine the relationship 
between the first fruiting date and the other three stages in all gardens in all years, across 
all species in each location. This resulted in 30 correlations, and Bonferroni corrections 
were applied, making the threshold for significance p<0.002 (a = 0.05 with 0.05 divided 
by 30).   
To compare fruiting phenology across sites, we ran correlations for two stages 
(selection of these stages is described above)— first fruiting dates and onset of peak 
fruiting dates— comparing between the Arnold Arboretum and all other gardens in 2015 
(8 total correlations; Bonferroni corrected significance threshold: p<0.006). We also used 
linear regression to determine the relationship between first flowering date and first 
fruiting date for 98 species at the Berlin Botanic Garden in 2015. To compare the order of 
fruiting between gardens where different species of the same genera were monitored, we 
calculated the mean onset date of peak fruiting for each genus within each garden (where 
at least three representative species were monitored) and ran Spearman rank order 
correlations between the Arnold Arboretum and all other gardens (where overlapping 
genera were n≥5) in 2015 at the genus level.  
To determine evolutionary patterns of fruiting phenology and duration, as well as 
patterns with growth form, fruit size, and fruit yield, we created an integrated data set 
using the data from all gardens in 2015, with a single mean duration of peak fruiting for 
each species (averaged across gardens) and a single adjusted onset of peak fruiting date 
for each species (following methods from Panchen et al., 2014). Briefly, we adjusted the 
dates by first calculating the mean date of onset of peak fruiting across all species at all 
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sites. Then we calculated means for each site by averaging across all species at that site 
and subtracted the site mean from the overall mean to get a correction factor for the site. 
Last, we added the site correction factor to all dates observed at that site, and averaged 
observations for each species across sites, thereby obtaining a single onset of peak 
fruiting DOY for each species. This integrated data set was used to assess the 
phylogenetic signal in fruiting phenology and duration, and to test for correlations with 
life history variables.  
We built a phylogenetic tree for the species in this study based on DNA sequence 
data. We used the program phyloGenerator2 (Pearse and Purvis 2013) to download 
sequence data from GenBank (28 September 2017), align these data using MAFFT 
v7.305b, and concatenate them into a single sequence matrix. We targeted the following 
markers: rbcL, matK, psbA, ITS, ndhF, trnL-trnF, and rps4. There was a total of 24,792 
sites in the final concatenated matrix. Further alignment was performed by visual 
inspection. Using the concatenated matrix, partitioned for each marker, both a best-fit and 
100 maximum-likelihood (ML) bootstrap phylogenies were constructed using RAxML-
HPC v8 on the CIPRES portal v3.3 (Miller et al. 2010). A constraint tree was used to 
preserve known relationships at the familial level (Stevens 2017). Time-corrected branch 
lengths were estimated for the best-fit and all 100 ML bootstrap trees based on nine fossil 
dates and divergence times using the program TreePL (Smith and O’Meara 2012). In 
total, of the original list of 406 species, we acquired usable sequence data for 370 + 3 
additional taxa used as an outgroup. All materials used to generate the phylogenies are 
available upon request. 
		
75 
We quantified the strength of phylogenetic signal in peak onset and peak duration 
using Blomberg’s K and Pagel’s λ with the ‘phylosig’ function in the package phytools 
v0.5-64 (Revell 2012) in R 3.4.2 (R Core Team 2016). Estimates of phylogenetic signal 
were run for the best-fit ML tree, as well as, across all 100 bootstrap trees to account for 
phylogenetic uncertainty. Of the 370 species in the phylogeny, 336 species had data for 
peak onset, and 332 for peak duration. 
To determine if peak onset was associated with peak duration and fruit size when 
accounting for phylogenetic signal, we used both phylogenetic independent contrast 
regression analysis and a phylogenetic generalized linear model (PGLM). Phylogenetic 
independent contrasts (PICs) were calculated using the ‘pic’ function in the R package 
ape v4.1 (Paradis et al. 2004). The PGLM was run using the ‘pgls’ function in the 
package caper v0.5.2 in R (Orme et al. 2013), In the model, Pagel’s λ was estimated for 
the dependent variable using a maximum likelihood framework. Fruit size was log-
transformed due to its wide range and skewed distribution toward smaller values. 
To determine if peak onset was associated with the categorical traits of fruit yield 
and habit, we used a phylogenetic analysis of variance (phyANOVA). This analysis was 
performed using the function ‘aov.phylo’ in the package geiger v2.0.6 in R (Harmon et 
al. 2007). 
All phylogenetic correlation analyses were run using the best-fit ML tree and all 100 
bootstrap trees to account for phylogenetic uncertainty.  
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RESULTS 
Patterns among fruiting stages and between years 
We found that within the two gardens with the most species monitored (Arnold 
Arboretum and Berlin Botanic Garden), all fruiting stages were significantly, positively 
correlated between years. At the Arnold Arboretum, the first fruiting date (r = 0.71, n=86, 
p<0.001) and onset of peak fruiting (r = 0.70, n=82, p<0.001) were strongly correlated 
from year to year; the end of peak fruiting (r = 0.50, n=82, p<0.001) and last fruiting date 
(r = 0.46, n=86, p<0.001) were less strongly correlated between years, even though they 
were both still highly significant. At the Berlin Botanic Garden, first fruiting date (r = 
0.88, n=54, p<0.001), onset of peak fruiting (r = 0.91, n=62, p<0.001), and end of peak 
fruiting (r = 0.88, n=75, p<0.001) were all strongly correlated between years; while last 
fruiting date (r = 0.60, n=81, p<0.001) was also significantly positively correlated 
between years, the amount of variation explained was less. 
When comparing the four fruiting stages, we found that in both years, there was a 
statistically significant, positive relationship between first fruiting and the onset of peak 
fruiting (p<0.002; Table 4.2). In most gardens and years, there was a significant 
relationship between first fruiting and the end of peak fruiting, and a weaker, though 
usually significant, relationship with last fruiting dates. In contrast, the relationship 
between first fruiting and all other stages was non-significant at the Morton Arboretum in 
2015 despite a large sample size (n=104-125). 
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Patterns among gardens 
Comparing the dates of first fruiting and onset of peak fruiting dates between 
gardens within the same year (2015), we found significant, positive correlations for first 
fruiting date between the Arnold Arboretum and Berlin Botanic Garden, and for onset of 
peak fruiting between the Arnold Arboretum and both the Berlin Botanic Garden and 
Morton Arboretum (p<0.006; Table 4.3). There was no significant correlation between 
the Arnold Arboretum and the Beijing Botanic Garden, for either fruiting stage.  
We found a weak, but significant positive relationship between first flowering 
dates and first fruiting dates at the Berlin Botanic Garden in 2015 (R2=0.09, p<0.01, 
N=98).  
Patterns among species 
The earliest first fruiting date recorded was 24 May (Prunus yedoensis) and the 
latest was 18 November (Sorbaria sorbifolia), both at the Beijing Botanic Garden in 
2015. The range in onset of peak fruiting dates within gardens ranged from 85 days at the 
US National Arboretum (N=29) to 184 days at the Beijing Botanic Garden (N=47). The 
average within-garden onset of peak fruiting ranged from 16 Aug to 29 Sept, and the end 
of peak fruiting ranged from 3 Sept to 15 Nov (with both earliest dates being at the 
Morton Arboretum and both latest dates being at the US Nat Arboretum; Table 4.4).  
At all of the gardens there were species with fruiting peaks (onset of peak fruiting 
to end of peak fruiting) which lasted less than one week (e.g. Viburnum dentatum at both 
the Arnold Arboretum and Morton Arboretum, and Amelanchier alnifolia at the Arnold 
Arboretum, Morton Arboretum and Berlin Botanic Garden), while the US Nat. 
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Arboretum and Berlin Botanic Garden had species with fruiting peaks lasting around 150 
days (Hippophae rhamnoides had a peak lasting 147 days at Berlin Botanic Garden, 
while Ilex cassine and I. crenata had peaks lasting 155 days at the US Nat. Arboretum). 
The earliest last fruiting dates included Prunus yedoensis at the Beijing Botanic Garden 
(31 May), Prunus sargentii at the Arnold Arboretum (27 June), and Amelanchier 
arborea, A. spicata, and Lonicera nigra at Berlin Botanic Garden (14 July). Last dates of 
fruiting at each garden were in part dependent on when monitoring ended, with higher 
standard deviations of last fruiting dates at gardens that monitored longer into the 
following year. The Arnold Arboretum (18 October ± 34.7), Berlin Botanic Garden (12 
October ± 62.9), and Beijing Botanic Garden (and 17 October ± 61.4) had similar mean 
last fruiting dates, while the Morton Arboretum (28 Sept ± 37.2) had the earliest mean 
last fruiting date, and the US National Arboretum (4 December ± 71.8) was the latest. 
Last fruiting dates at the US National Arboretum and Berlin Botanic Garden, two sites 
where fruits were monitored into March 2016, occurred as late as 1 March (Hippophae 
rhamnoides and Ilex decidua), at the Berlin Botanic Garden and 18 March for 5 species 
of Ilex (I. aquifolium, I. cassine, I. cornuta, I. crenata, I. maximowicziana) at the US 
National Aboretum. 
When observations were averaged by genus within each garden and gardens with 
n>5 genera in common were compared for the order of onset of peak fruiting times in 
2015, there was a significant positive relationship between the Arnold Arboretum and 
Berlin Botanic Garden (rho = 0.67, n=12, p=0.02) but no significant correlation in the 
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order of peak fruiting between the Arnold Arboretum and Morton Arboretum (rho=0.62, 
n=10, p=0.06). 
Early genera included Amelanchier, Prunus, and Lonicera (6 July, 20 July, 17 
August at the Arnold Arboretum in 2015, respectively) while consistently late genera 
include Ilex, Berberis, and Ligustrum (19 Sept, 5 Oct and 25 Oct, respectively) (Fig. 4.1).   
 
Phylogenetic patterns of fruiting 
We found a significant phylogenetic signal in peak onset and peak duration (best-
fit ML tree: peak onset, λ = 0.84, P < 0.001, K = 0.03, P = 0.001, Fig. 4.2; peak duration, 
λ = 0.55, P < 0.001, K = 0.03, P = 0.035, Fig. 4.3). These patterns were not sensitive to 
phylogenetic uncertainty (Figs. 4.4 and 4.5). The phylogenetic bias in peak onset was 
driven by a subset of clades that either had disproportionally earlier or later onset (Fig. 
4.2). Some clades corresponded to the rank of genera (earlier onset: Prunus, Ribes; later 
onset: Malus, Ilex), but others consisted of unranked groups of species (earlier onset: 
Viburnum+Lonicera+Sambucus, Crataegus+Amelanchier; later onset: 
Callicarpa+Ligustrum+Forestiera, Euonymus+Idesia). The phylogenetic bias in peak 
duration was also driven by a subset of clades (Fig. 4.2). Again, some clades 
corresponded to the rank of genera (short duration: Ribes, Cornus; long duration: Ilex, 
Sorbus, Cotoneaster), while others consisted of unranked groups of species (short 
duration: Viburnum+Lonicera+Sambucus, Crataegus+Amelanchier, 
Euonymus+Idesia+Celastrus). 
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Phylogenetically informed regression analyses revealed a general lack of 
association between peak onset and peak duration. For the best-fit ML tree, the regression 
estimate based on phylogenetically independent contrasts (PICs) and a phylogenetic 
generalized linear model (PGLM) were non-significant (PIC: b= -0.05±0.05, df = 331, t 
= -1.16, P = 0.248, Fig. 4.6; PGLM: b= -0.07±0.07, df = 331, t = -0.98, P = 0.328). The 
median PGLM estimates from across the ML bootstrap trees was also non-significant, 
supporting the general trend that the two traits were not associated (Fig. 4.7). In contrast, 
the median PIC estimate calculated across all 100 bootstrap trees was significant (b= -
0.17±0.05, df = 331, t = -3.64, P < 0.001, Figs. 4.6 and 4.7), suggesting a possible, albeit 
tentative, evolutionary trade-off between the two traits (where duration is highest for late-
fruiting species). 
Phylogenetically informed regression analyses also revealed no association 
between peak onset and fruit size. For the best-fit ML tree, the regression estimate based 
on phylogenetically independent contrasts (PICs) and a phylogenetic generalized linear 
model (PGLM) were non-significant (PIC: b= -2.01±1.15, df = 107, t = -1.75, P = 0.083, 
Fig. 4.8; PGLM: b= 1.70±1.59, df = 107, t = 1.07, P = 0.287). The median PGLM 
estimates from across the ML bootstrap trees was also non-significant, supporting the 
general trend that the two traits were not associated (Fig. 4.9). In contrast, the median 
PIC estimate calculated across all 100 bootstrap trees was significant (b= -2.68±0.89, df 
= 107, t = -2.79, P < 0.01, Figs. 4.8 and 4.9), suggesting a possible, though tentative, 
evolutionary trade-off between peak onset and fruit size (in which late-fruiting species 
have larger fruits). 
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Phylogenetically informed ANOVA revealed no significant association between 
peak onset and fruit yield or habit (yield: SS = 2155, MS = 1077.5, F2,105 = 1.07, P = 
0.419, Fig 4.10; habit: SS = 1658, MS = 829.2, F2,333 = 0.66, P = 0.928, Fig. 4.11). These 
results were similar when accounting for phylogenetic uncertainty (Fig. 4.9). 
 
DISCUSSION 
Of the fruiting stages we observed (first fruiting date, onset of peak fruiting, end 
of peak fruiting, and last fruiting date) first fruiting and the onset of peak fruiting were 
the most consistent between gardens and years at our two most heavily sampled gardens 
(Arnold Arboretum and Berlin Botanic Garden). The end of peak fruiting and last fruiting 
dates were more weakly correlated between years and gardens, and with first fruiting 
dates. This is not surprising since processes that result in removal of fleshy fruits are 
often unpredictable across space and time (Willson and Whelan 1993). Fruits may remain 
on the parent plant until they are removed by birds or other wildlife (Stiles 1980, 
Greenberg and Walter 2010), which can pass through stopover sites in unpredictable 
autumn pulses (Skeate 1987) and select for fruits to consume based on a suite of 
nutritional and spatial traits (Smith et al. 2007, Smith and McWilliams 2014). Fruits can 
also fall from the parent plant, in which case fruit persistence is dependent on species, 
local environmental variables like temperature, and insect and microbial activity 
(Eriksson and Ehrlén 1991, McCarty et al. 2002, Tang et al. 2005). Timing of fruit 
removal is thus much less consistent than fruit ripening, which is tied to temperature, 
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photoperiod, and development times following flowering (Rathcke and Lacey 1985, 
Primack 1987).  
For monitoring responses of fruiting times to climate change in field and citizen 
science monitoring, it can be more practical to monitor a single fruiting date than 
multiple phenological events; advantages of using the first fruiting date are that first fruits 
are often conspicuous as long as they have not been immediately removed, and the binary 
of presence or absence of ripe fruits makes the measurement highly repeatable. The onset 
of peak fruiting is also conspicuous, and ecologically may be more interesting to those 
concerned with fruit availability, dispersal, and synchrony with frugivores; however, 
determining the date on which at least 50% of fruits are ripe can be challenging, 
subjective and difficult to replicate if fruits are also being eaten by frugivores. Given our 
finding that these two stages of fruiting phenology (first fruiting and onset of peak 
fruiting) are highly correlated, our results show that both measurements are viable 
metrics to use in future studies, particularly compared to the end of the fruiting stage. If 
efficiency and repeatability of monitoring is the goal, then the date of first fruiting is the 
best option. However, for fruit studies investigating shifts in seasonal fruit availability, 
particularly in relation to bird and mammal feeding and seed dispersal, we recommend 
recording the duration of fruiting, or at least of peak fruiting, in order to compare the 
window of fruit availability to the presence of consumers. A lack of full-season 
monitoring (and focus on autumn phenology, generally) currently limits our ability to 
investigate the potential for autumn asynchrony between fruits and birds or insects—
however, as fruiting dates advance (Menzel et al. 2006) and bird migration times are 
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delayed (Ellwood et al. 2015b, Stegman et al. 2017) and some insect phenology is 
delayed (Westgarth-Smith et al. 2007) by warming temperatures, the potential for 
asynchrony between fruits and the birds and insects that utilize them, is a critical question 
in autumn ecology (Gallinat et al. 2015). 
To address the rarity of data sets monitoring fruiting times of a wide range of 
species (though see Stiles 1980 for broad fruiting schedules of over 100 eastern 
deciduous species) this study provides an overview of the observed range in fruiting 
times and fruiting durations for 406 total species over two years and five locations. We 
found that fruiting can begin as early as May and June (the earliest we monitored) and 
last into March of the following year (the latest we monitored in some gardens). Thus, 
there is a large amount of variation in the timing of fruit ripening across the species we 
monitored. There is also a significant phylogenetic signal to the onset of peak fruit 
ripening, with early genera including Prunus, Amelanchier, and Ribes, and later genera 
including Euonymus, Ligustrum, and Ilex. These results echo the findings of a recent 
herbarium study of wild fruiting times in New England, USA, in which invasive fruits of 
genera including Euonymus and Ligustrum fruit, on average, 26 days later than native 
species, signifying a potential late-season dispersal niche for invasive fleshy-fruited 
species. Stiles (1980) posited that fleshy-fruited plants experience a trade-off between 
fruiting synchronously with other species to maximize the quantity of seed dispersers and 
fruiting asynchronously with other species to minimize competition for dispersers; the 
wide range of fruiting times we observed likely reflect a broad range of responses to this 
trade-off. 
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We found that fruiting is a highly-protracted process, not only across all species 
monitored (with fruits available from summer to winter in all gardens), but also in some 
cases within species (such as the two Ilex species with 155 day fruiting peaks at the US 
National Arboretum). Peak fruiting durations ranged from less than one week to >150 
days, and while we found that while there was a wide range of fruiting duration among 
species, durations were similar for related species, with short-duration genera including 
Ribes and Cornus and long-duration genera including Ilex and Cotoneaster. In a 
comparison of fruit nutrition and consumption, Smith et al. (2013) found in Rhode Island, 
USA, that native Cornus spp. had high energy density and fat content compared to other 
wild fleshy-fruited species, and were more readily consumed throughout the autumn 
season. Fruiting durations may indicate preference by birds and other wildlife, with short-
duration genera being the most preferred, with implications for plant reproductive 
success. Our tentative finding that later fruiting species have longer fruiting durations is 
similar to what other studies have found (Stiles 1980, McCarty et al. 2002, Greenberg 
and Walter 2010) and may be due to later species having lower nutritional quality (we did 
not test for this), or missing the peak of frugivore abundance and relying on lower-
density resident winter wildlife for dispersal.  
While we observed wide variation in fruiting phenology among species, we found 
that the order of fruiting, particularly of first fruiting dates and the onset of peak fruiting, 
was consistent from year to year, and, in most cases, from site to site. Between the years 
2014-2015, the order of fruiting was moderately consistent at the Arnold Arboretum, and 
highly consistent at the Berlin Botanic Garden; similarly, in 2015 the order of fruiting 
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between the two gardens was moderately consistent. Curiously, the Arnold Arboretum 
and Morton Arboretum showed moderately consistent onset of peak fruit ripening but no 
significant correlation in first fruiting dates. The lack of relationship between arboreta is 
likely due to the fact that the Morton Arboretum, more so than any other garden, recorded 
data on multiple individuals of each species, and those records were averaged for 
comparison; averaging across individuals may have masked trends between phenological 
stages at the individual scale. Another possibility is that this phenomenon is driven by the 
low variation in first fruiting dates at the Morton Arboretum in 2015; the standard 
deviation of first fruiting dates for Morton were less than half the standard deviations at 
other gardens, with the majority of species starting to fruit on June 30, July 8, or July 15. 
With so little variation in first fruiting dates, the variation is more difficult to explain.  
We find that fruiting is generally more consistent between years and locations 
than the timing of leaf-out and less so than leaf senescence. Panchen et al. (2014) showed 
that the order of leaf-out was highly correlated between gardens and years at the Arnold 
Arboretum (R2 values between 0.32-0.72 for the Arnold Arboretum compared to other 
gardens, and R2=0.69 between years at the Arnold Arboretum), while Panchen et al. 
(2015) found the order of leaf senescence was weakly correlated (R2 ≤ 0.17 between the 
Arnold Arboretum and other gardens, and R2=0.43 between years). In this study, we 
found significant correlations for onset of peak fruiting range from r=0.62-0.65 between 
the Arnold Arboretum and other gardens (with some non-significant correlations between 
gardens), and r=0.70 between years within the Arnold Arboretum. Leaf-out is strongly 
driven by temperature (Polgar and Primack 2011), with inter-annual differences in 
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temperature still resulting in a similar order of leaf-out among species (Polgar et al. 
2014), whereas leaf senescence results from a more complicated set of regional and local 
cues, including temperature, soil moisture, wind, and photoperiod (Gallinat et al. 2015). 
Our fruiting observations support the assertion of Rathcke and Lacey (1985) that fruiting 
times result primarily from internal cues, and secondarily from a combination of 
consistent responses to environmental variables, as in leaf-out times, and local 
microclimate, as in leaf senescence. Previous studies have shown that flowering times, 
which have strong, demonstrated responses to temperature (Wolkovich et al. 2012, 
Ellwood et al. 2013), are an important contributing factor to fruiting times. In this study, 
we found that flowering times explain a small amount of variation in fruiting times at the 
Berlin Botanic Garden. If, after flowering, there is a fixed amount of fruit development 
time for each species, after which fruiting is also dictated by environmental conditions 
such as sunlight, autumn temperature, soil moisture, and photoperiod, this would explain 
our results that the consistency in fruiting times is intermediate between that of leaf-out 
and leaf senescence.  
Our analysis of the effects of life history traits on fruiting times does not point to 
any obvious patterns. Trees, shrubs, and vines do not significantly differ in fruiting times, 
nor do fruiting times among species show any relationship to observed fruit yields or fruit 
sizes. While we did not identify any life history traits that can serve as strong predictors 
of fruiting times, other studies point to a few traits that deserve further scrutiny. For 
instance, Hart et al. (2016) found that in Rhododendron spp., the interaction between 
flowering time and fruit size predicts fruiting phenology. While we found only tentative 
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results that late-fruiting species tend to have larger fruits, it seems likely that the 
predictive power of size would be increased by incorporating flowering phenology; if it 
takes longer for larger fruits to ripen, it is important to know when the process of fruit 
development begins. 
This study provides an overview of fruiting times across years, locations, and a 
wide range of species, but we conclude that more research is needed to understand and 
predict the effects of climate change on fruit phenology and fruit availability for 
consumers. One critical next step is to quantify the variation in fruiting times between 
individuals of the same species in the same location. While individuals are likely to have 
similar internal cues, variation among individuals in response to environmental cues like 
temperature, sunlight, and drought have not been widely described (Rathcke and Lacey 
1985). Similarly, we need to know how variation in the size of individuals affects the 
various fruiting characteristics. Prior studies have demonstrated that changing population 
sizes can lead to false phenological signals; increasing populations often contain more 
phenological variation over time, resulting in earlier first dates or later last dates of a 
phenological event (Miller-Rushing et al. 2008a, Miller-Rushing et al. 2008b). Similarly, 
it may be the case that larger plants within a population have an earlier start to fruiting 
and a longer duration of fruiting. We did not control for plant size or age in this study, 
however we did not find a relationship between onset of peak fruiting phenology or peak 
fruiting duration and fruit yield, which suggests yield was not a strong confounding 
variable in comparison with the large differences among species in phenology. 
Additionally, focusing analysis on the mean of a phenological event (in this case, the 
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onset of peak fruiting) can limit the impacts of sampling issues (Miller-Rushing et al. 
2008a). While we think that our results our robust, it is worth considering how much, if 
any, of the variation in fruiting phenology is driven by unique sampling issues. This study 
was coordinated across five international botanical gardens, and each garden had its own 
logistical requirements and its own climate and fruiting season; monitoring dates varied 
among gardens, with starting dates ranging from April to August and ending dates 
ranging from September to June of the following year. To avoid strong sampling artifacts 
in our results, we did not classify any beginning of season fruiting stage that we did not 
observe (if we did not see the start of peak fruiting, for instance, no date was recorded for 
that stage). Last fruiting dates varied with the last date of monitoring at each garden; if 
we had tried removing data or standardizing these dates to get the same sampling season, 
we would have removed valuable information from the data set and created other artifacts 
in the data. We are satisfied that the end-of-season patterns that we observed do, in fact, 
reflect actual patterns at the gardens; for instance, late last fruiting dates and lengthy 
fruiting durations for species of Ilex observed at multiple gardens reflect late and 
persistent fruits for this genus. To avoid similar sampling issues, we recommend that 
future studies of fruiting time coordinate standardized sampling dates and periods across 
sites, and control as much as possible for microsite variation, plant size, age, and fruit 
yield. 
To identify the potential for ecological mismatch of fruits and consumers, we first 
need an improved understanding of the phenology of fruiting. Citizen science efforts 
could rapidly expand the available data on all stages of fruiting; the USA National 
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Phenology Network and the National Environmental Observation Network (NEON)’s 
Project Budburst both produce species-specific training materials and collect data on 
fruiting phenology, however records for fruiting phenology are still sparse, particularly 
compared to spring events like leaf-out and flowering. To investigate ecological 
mismatch we also need more studies investigating fruit removal rates, fecal analysis of 
migratory birds linking fleshy-fruited plants directly to the birds that eat them, and 
nutritional analysis of fruits to identify the effects of shifting diets on consumers. For 
instance, Smith et al (2013)found that invasive fruits like Rosa multiflora and Rhamnus 
cathartica have lower energy density and fat content than native fruits; therefore shifts in 
the timing of fruit availability can have fitness consequences for birds on migration—a 
time when the vast majority of bird mortality occurs (Holmes 2007)—as well as for seed 
dispersal of plants. 
 
CONCLUSIONS 
This study demonstrates that fruiting is a lengthy process; throughout the summer 
and into late autumn species continue to begin fruiting, and fruits last well into the next 
year. Within this lengthy season, species and genera having fairly distinctive fruiting 
times—we found a significant phylogenetic signal of fruiting times, with some genera 
fruiting consistently early and others consistently late. Fruiting times are less 
phylogenetically conserved than leaf-out times but more conserved than leaf senescence 
times. Therefore, fruiting times are both inherently conserved within related plants, and 
also somewhat affected by climatic variation and site characteristics. As the fruits that are 
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available to birds and mammals change across the season, the combined timing of 
fruiting and migration governs feeding interactions and seed dispersal. Further studies are 
needed to understand how fruiting varies among individuals within a species, how 
fruiting times shift in response to warming from climate change and urbanization, and 
how fruit consumption and seed dispersal may be changing. Researchers interested in 
fruit availability are encouraged to monitor the full fruiting season. However, our 
findings that first fruiting dates and onset of peak fruiting are highly consistent across 
years and sites, and strongly correlated with one another, indicate that researchers 
interested in monitoring a single fruiting date could monitor one of these early-season 
stages, and the results will be valid for the relative timing of both. This information could 
apply to researchers studying how climate change affects fruiting times, particularly those 
with limited resources or observers. 
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TABLES AND FIGURES 
Table 4.1. Summary of each garden's location, elevation, and mean annual temperature 
for 2015, and for each garden, in 2015, the mean date and standard deviation of the onset 
of peak fruiting, the range of dates during which the onset of peak fruiting occurred (with 
total days in range), the total number of species for which the onset of peak fruiting was 
recorded, and the dates of monitoring at each garden in each year. Peak fruiting begins 
when at least 50% of fruits on an individual plant are ripe. 
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Table 4.2. Results of linear models comparing first fruiting date to other fruiting stages at 
all gardens in 2014 and 2015. R2 values are given with the number of species tested (N) 
in parentheses (*p<0.002). 
 
Garden Year Onset of Peak End of Peak Last Fruiting 
Arnold 
Arboretum 
2015 0.97 (201) * 0.75 (198) * 0.50 (206) * 
2014 0.98 (98) * 0.86 (98) * 0.71 (98) * 
Berlin BG 
2015 0.95 (108) * 0.69 (108) * 0.26 (100) * 
2014 0.96 (54) * 0.31 (54) * 0.26 (56) * 
Beijing BG 
2015 0.77 (28) * 0.63 (27) * 0.14 (27) 
2014 0.92 (30) * 0.76 (28) * 0.57 (26) * 
Morton 
Arboretum 
2015 0.01 (104) 0.00 (104) 0.04 (125) 
2014 0.70 (47) * 0.46 (29) 0.16 (15) 
US National 
Arboretum 
2015 0.81 (26) * 0.62 (26) * 0.71 (28) * 
2014 0.89 (29) * 0.66 (25) * 0.61 (25) * 
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Table 4.3. Correlation between gardens (comparing the Arnold Arboretum to all other 
gardens, in 2015) for two fruiting stages (first fruiting dates and onset of peak fruiting 
dates). For each correlation we present the correlation coefficient (r), sample size in 
parentheses, and indicate significance (*p<0.006). NA indicates a sample size of n<5.  
 
 Berlin BG US Nat. Arboretum Beijing BG 
Morton 
Arboretum 
First Fruiting Date 0.64 (42) * NA 0.49 (12) 0.05 (45) 
Onset of Peak 
Fruiting 0.62 (42) * NA 0.46 (17) 0.65 (39) * 
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Table 4.4. Details of mean peak fruiting at each garden in 2015. For each garden, we 
present the mean onset of peak fruiting, the mean end of peak fruiting, the average 
duration of peak fruiting (end – onset), the range of peak fruiting duration among species, 
and the total number of species for which the duration of peak fruiting was recorded. 
Peak fruiting begins when at least 50% of fruits on an individual plant are ripe, and ends 
when <50% are still ripe (and >50% have fallen or shriveled).    
 
Garden 
Mean 
Peak 
Onset 
Mean 
Peak 
End 
Mean Peak 
Duration 
Duration 
SD 
Duration 
Range 
(days) 
Duration 
n (spp.) 
Arnold 
Arboretum 7 Sept 26 Sept 18.9 17.6 <7 - 97 198 
Berlin BG 21 Aug 20 Sept 29.6 30.6 <7 - 147 109 
Beijing BG 18 Aug 11 Sept 22.4 19.9 <7 - 61 45 
Morton 
Arboretum 16 Aug 3 Sept 17.8 19.8 <7 - 107 104 
US Nat. 
Arboretum 29 Sept 15 Nov 49.5 54.1 <7 - 155 29 
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Figure 4.1. The sequence in which genera reached the onset of peak fruiting at each 
garden in 2015. Genera included are those that were monitored at the Arnold Arboretum 
and at least one other garden, presented in order from earliest to latest onset of peak 
fruiting date at the Arnold Arboretum. Peak fruiting was identified as an individual 
having 50% or more ripe fruits. Gardens are differentiated by color (see legend) and the 
size of each point indicates the number of species represented within a genus at a garden 
(see legend). Error bars indicate standard error for each genus at each site.   
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Figure 4.2. Plot of the ML best-fit phylogeny with ancestral state estimation for peak 
onset. Ancestral state estimate and tree plot was performed using the ‘contMap’ function 
in the R package phytools v0.5-64. signal estimates and significance across the 
maximum-likelihood (ML) best-fit and bootstrap trees for peak onset. Black circles 
indicate clades whose terminal taxa are, relative to a random null distribution, 
significantly delayed in peak onset. White circles indicate clades whose terminal taxa are 
significantly earlier in peak onset. The scale indicates the range and associated color 
values for peak onset, as well as, the branch length of the phylogeny in millions of years.  
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Figure 4.3. Plot of the ML best-fit phylogeny with ancestral state estimation for peak 
duration. Ancestral state estimate and tree plot was performed using the ‘contMap’ 
function in the R package phytools v0.5-64. signal estimates and significance across the 
maximum-likelihood (ML) best-fit and bootstrap trees for peak onset. Black circles 
indicate clades whose terminal taxa have, relative to a random null distribution, 
significantly longer peak durations. White circles indicate clades whose terminal taxa 
have, relative to a random null distribution, significantly shorter peak durations. The 
scale indicates the range and associated color values for peak duration, as well as, the 
branch length of the phylogeny in millions of years. 
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Figure 4.4. Phylogenetic signal estimates and significance across the maximum-
likelihood (ML) best-fit and bootstrap trees for peak onset. Phylogenetic signal estimates 
were made for both Blomberg’s K and Pagel’s Lambda statistic. Estimates of both 
statistics for the ML best-fit tree are indicated with a red line in each plot. The 
distribution of the same estimates for the 100 ML bootstrap trees are in grey. 
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Figure 4.5. Phylogenetic signal estimates and significance across the maximum-
likelihood (ML) best-fit and bootstrap trees for peak duration. Phylogenetic signal 
estimates were made for both Blomberg’s K and Pagel’s Lambda statistic. Estimates of 
both statistics for the ML best-fit tree are indicated with a red line in each plot. The 
distribution of the same estimates for the 100 ML bootstrap trees are in grey. 
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Figure 4.6. Plot of phylogenetic independent contrasts (PICs) for peak onset and peak 
duration. Black dots are PIC values for the ML best-fit tree. Grey dots are PIC values for 
all 100 ML bootstrap trees. The red line is the PIC regression estimate for the ML best-fit 
tree. The grey lines are the PIC regression estimates for all 100 ML bootstrap trees. The 
blue line is the median PIC regression estimate based on all 100 ML bootstrap trees. See 
Fig. 4.7 for the distribution of values for the bootstrap tree regression analyses. 
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Figure 4.7. Phylogenetically informed regression analysis estimates and significance 
across the maximum-likelihood (ML) best-fit and bootstrap trees. Regression estimates 
and significance values (P) are from both phylogenetic independent contrasts (PICs)-
based regression analysis (top row) and phylogenetic generalized linear models (PGLMs, 
bottom row). Results using the ML best-fit tree are indicated with a red line in each plot. 
The distribution of results for the 100 ML bootstrap trees are in grey. 
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Figure 4.8. Plot of phylogenetic independent contrasts (PICs) for peak onset and fruit 
volume. Black dots are PIC values for the ML best-fit tree. Grey dots are PIC values for 
all 100 ML bootstrap trees. The red line is the PIC regression estimate for the ML best-fit 
tree. The grey lines are the PIC regression estimates for all 100 ML bootstrap trees. The 
blue line is the median PIC regression estimate based on all 100 ML bootstrap trees. See 
Fig. 4.9 for the distribution of values for the bootstrap tree regression analyses. 
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Figure 4.9. Phylogenetically informed regression analysis estimates and significance 
across the maximum-likelihood (ML) best-fit and bootstrap trees. For the association 
between peak onset and fruit volume, the regression estimates and significance values (P) 
from the phylogenetic independent contrasts (PICs)-based regression analysis are in the 
left column and the values from the phylogenetic generalized linear models (PGLMs) are 
in the middle column. The significance values (P) for the phylogenetic analysis of 
variance (ANOVA) of peak onset with fruit yield and habit are in the right column. 
Results using the ML best-fit tree are indicated with a red line in each plot. The 
distribution of results for the 100 ML bootstrap trees are in grey. 
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Figure 4.10. Plot of phylogenetically corrected means of peak onset by fruit yield. Means 
were calculated from a phylogenetic analysis of variance using the best-fit ML tree. Error 
bars indicate standard errors. 
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Figure 4.11. Plot of phylogenetically corrected means of peak onset by habit. Means were 
calculated from a phylogenetic analysis of variance using the best-fit ML tree. Error bars 
indicate standard errors. 
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CHAPTER FIVE: AUTUMN FRUIT AVAILABILITY AND CONSUMPTION BY 
LANDBIRDS IN COASTAL MASSACHUSETTS 
 
ABSTRACT 
  Wild fruits are an important food source for many landbirds during autumn 
migration, which in turn provide the service of seed dispersal. Warming temperatures 
have been linked to later migration times for many bird species, with the potential to alter 
bird-fruit interactions. In order to understand the implications of shifting migration times, 
more information is needed on the timing of fruit ripening over the migration season, 
how fruit availability varies over space and time, and the relative importance of native 
versus invasive fruits for migratory birds. To address these gaps, we collected 
observations on the fruiting phenology of 25 fleshy-fruited species at Manomet, a 
stopover site on the coast of Massachusetts, during the autumn migration season (August 
to November) in 2014 and 2015. We also monitored fruit availability across Manomet in 
2015. To determine whether fruit consumption reflects phenology and availability, we 
identified seeds from 469 fecal samples collected from songbirds captured (317 of which 
were collected from Gray Catbirds) during the 2014 and 2015 autumn banding seasons. 
We found that while invasive fleshy-fruited plants fruit later, on average, than native 
species, and comprise a large proportion of the total available fruits in late-autumn, the 
birds sampled at Manomet primarily consumed the fruits of native species throughout the 
autumn migration season. We also found strong evidence of generalist feeding and 
dietary switching in most of the birds from which we collected fecal samples, particularly 
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Gray Catbirds. These results demonstrate the importance of native fruits as a resource for 
autumn migrants and suggest a winter niche for invasive fleshy-fruited plants. 
 
INTRODUCTION 
During the autumn migration season, many landbirds consume fleshy fruits and 
disperse the seeds from those fruits along the migratory flyway (Snow 1971, Stiles 1980, 
Levey and Rio 2001). This interaction is energetically critical for birds, which rely on 
fruits for fats and nutrients to fuel migration (McWilliams et al. 2004)—a process during 
which the majority of bird mortality takes place (Holmes 2007). In turn, plants rely on 
birds for seed dispersal (Snow 1971, Garcia et al. 2010), a service that drives plant 
establishment and long-term community dynamics (Howe and Miriti 2004). Species-
specific bird-fruit interactions are dependent on bird preferences (Parrish 1997), and the 
likelihood that birds will encounter particular fruits in space and time (Thompson and 
Willson 1979, Carnicer et al. 2009)—which could be altered by anthropogenic changes 
like climate change and species invasions. 
 At the individual and species level, landbirds vary in their diet specialization 
(Levey and Martinez del Rio, 2001). Most species can vary in their consumption of fruits 
and insects, as well as the plasticity with which they switch between these resources 
(Thompson and Willson 1979, Parrish 1997). Many species consume a combination of 
fruits and insects throughout the season, obtaining higher levels of carbohydrates and 
lipids from fruits and protein from insects (McWilliams and Karasov 2001). Using 
evidence from fecal samples of birds captured on Block Island, RI during autumn 
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migration, Parrish (1997) found that many species consumed fruit that were not 
previously thought to do so, and that fruit consumption was a significant driver of 
energetic gains during migration stopover. Within their fruit consumption, some birds are 
documented specialists, such as the Myrtle Warbler (Setophaga coronata coronata), 
which consumes primarily Bayberry (Myrica pensylvanica) fruits (Place and Stiles 1992), 
while most species diversify their consumption across multiple fleshy-fruited species 
(Fuentes 1995, Parrish 1997, Carnicer et al. 2009). Despite a breadth of research on the 
topic, there is little consensus about what drives birds’ preferences for particular fruits 
(Levey and Rio 2001); however, there is growing evidence that fruit nutrition has a 
strong effect on what fruits birds consume, with bird showing preferences for fruits high 
in energy density, fat, antioxidants, and even carbohydrates (Schaefer et al. 2003, Bolser 
et al. 2013, Smith et al. 2013). 
Fruit and bird phenology also dictate frugivorous interactions; plant species ripen 
at different times across the summer and autumn (Stiles 1980, Gallinat et al. in press) 
Gallinat et al in prep), and fruits that birds encounter depends on a complex interaction of 
fruit phenology and migration times (for migratory birds, this depends on their stopover 
phenology; (Ellwood et al. 2015b). Climate change has the potential to alter both fruit 
and bird phenology, with consequences for their synchrony and interactions (Gallinat et 
al. 2015). Globally, temperatures have warmed by 0.85°C (0.65 to 1.06°C) from 1880-
2012, with disproportionately greater warming in temperate regions (Pachauri et al. 
2015). Higher temperatures can elevate fruit metabolism resulting in earlier ripening 
(Rathcke and Lacey 1985); indeed, Menzel et al (2006) found that across Europe, most 
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fruit ripening times advanced with warming temperatures (though some were delayed) 
with an overall average fruiting response of -0.45 days/ºC. In contrast, many birds shift 
their autumn passage later in warmer years (Van Buskirk et al. 2009, Ellwood et al. 
2015b), but see also (Jenni and Kery 2003)for many species advancing autumn passage 
over time in Western Europe). At Manomet in coastal Massachusetts, USA, 13 species 
are delaying their passage in warm years and one is advancing passage, with a range from 
-1.1 to + 3.6 days/ºC (Ellwood et al. 2015b). With most fruits advancing their ripening 
and many birds delaying autumn passage, interactions between birds and fruit are likely 
to change. In order to understand how these relationships may change, it is important that 
we understand current patterns of autumn fruit phenology and bird-fruit associations. 
The spread of invasive fleshy-fruited plants may also change bird-fruit 
interactions across the autumn season (Gosper et al. 2005). A recent study of fruiting 
times in New England using herbarium specimens showed that invasive fleshy-fruited 
species fruit, on average, 26 days later than native species, and their fruits last longer into 
the winter (Gallinat et al. in press). This points to a potential late-autumn and winter 
niche for invasive fleshy-fruited species, where invasive fruits ripening outside of the 
window of peak fruit and insect availability increase their likelihood of consumption and 
dispersal (Greenberg and Walter 2010, Wolkovich and Cleland 2014). However, this 
niche requires that birds feed based on availability—as invasive species become more 
dominant in the landscape, birds would consume more of them. White et al (1992)found 
some evidence for this niche; using fecal sampling, they found migratory birds in Maine 
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consumed more invasive fruits as the season progressed, particularly in late-autumn and 
winter. 
In order to understand how bird-fruit interactions may change with climate 
change and species invasions, it is important to first understand the basic phenological 
patterns currently underlying these interactions. Ellwood et al (2015b) presented mean 
autumn passage dates for landbirds captured at Manomet, with earliest species including 
Baltimore Orioles (Icterus galbula) and Gray Catbirds (Dumetella carolinensis) and 
latest species including Hermit Thrushes (Catharus guttatus) and Dark-eyed Juncos 
(Junco hyemalis). However, the schedule of fruiting within the community of fleshy-
fruited plants in New England remains vaguely defined (Stiles 1980). While herbarium 
specimens provide a coarse understanding of the autumn fruiting calendar averaged over 
the 1800’s to present, these findings should be validated by field observations. It is not 
well-described in the published literature which species fruit earliest and latest in the 
autumn, or how much fruiting varies in different years. Additional field observations are 
also required to validate the finding that invasive species fruit later in the autumn, on 
average, than native species. Similarly, it is unknown how fruit availability (combining 
phenology with abundance) varies over the course of the autumn migration season. 
Understanding which species produce the most fruit early or late in the autumn, and 
whether the availability of native and invasive fruits changes, is critical for furthering our 
knowledge of what fruits are available to migrating birds across the season. 
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In addition to what fruits are available, we also have little information on what 
birds are actually eating over the autumn season. Studies documenting fruit removal rates 
as a proxy for preference do not typically distinguish among bird species (Drummond 
2005, Greenberg and Walter 2010, Smith et al. 2013), and studies linking bird species to 
the plant species they consume through fecal analysis are rare (Davidar and Morton 1986, 
Parrish 1997). It remains unknown what birds are consuming across the autumn season; 
in particular, if they are consuming fruits based on what is available, and if feeding 
patterns provide evidence of a late-autumn niche for invasive fruits that may be 
exacerbated by shifting bird migration times. 
To address these many open question, we conducted a study to determine when 
fruits are available, abundant, and consumed at Manomet, a migratory stopover site in 
coastal Massachusetts, USA, where biologists have been banding birds since 1969. To 
determine the schedule of fruit availability, and to determine the potential for a late-
autumn niche of invasive fleshy-fruited plants, we monitored fruit phenology and 
abundance for 25 fleshy-fruited plant species. To determine what birds at Manomet are 
eating and to test for fruit preferences across the season, we also identified seeds from 
970 fecal samples of 44 bird species captured at Manomet over the same two-year period.  
We used these data to address the following questions: 
1) Phenology: What is the schedule of fruiting at Manomet? Do invasive species 
fruit later than native species? 
2) Availability: How do fruits vary in availability (phenology + abundance) 
throughout the season? When are native and invasive fruits most available? 
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3) Preference: How do birds vary in their feeding specialization? Does fruit 
consumption by birds follow patterns of fruit availability, or do birds exhibit 
preferences?  
Together, the answers to these questions will contribute to our understanding of 
how birds and fruit interact in autumn, the potential for these interactions to change with 
plant invasions, and the conservation management of fleshy-fruited plants and migratory 
birds. 
 
MATERIALS AND METHODS 
Site Description 
All fruit phenology and abundance monitoring, and fecal sample data were 
collected at Manomet, a migratory stopover site for landbirds on the Atlantic coast, and a 
long-term bird banding site, located in Plymouth County, Massachusetts, USA (41° 50′ 
N, 70° 30′ W) (Fig. 5.1). The Manomet grounds constitute 7 ha of coastal forest habitat, 
dominated by brushy deciduous secondary growth (Lloyd-Evans and Atwood 2004), 
including abundant native and invasive woody understory plants. Dominant tree species 
include Acer rubrum, Quercus alba, Prunus serotina, and Pinus rigida (Lloyd-Evans and 
Atwood 2004). The north and west edges of Manomet are abutted by shrubby wetlands, 
while the south and east sides are a steep, eroding coastal bluff. The habitat is largely 
unchanged over the past 50 years.   
Standardized, passive bird banding has been in operation at Manomet from 1969 
to present. Fifty nylon 12 x 2.6 m, 36 mm mesh nets are spread out along the Manomet 
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banding trail (Fig. 5.1), and the location of the nets has not changed since 1969. All nets 
are opened (when weather conditions allow) from sunrise to sunset, 5 days per week in 
the spring (15 April-15 June) and autumn (15 August-15 November) migration seasons.  
Phenology Observations 
We monitored fruiting phenology in autumn of 2014 (25 August-14 Nov) and 
2015 (25 August-10 November). In each year, five individuals (when possible; see Table 
5.1) were identified along the Manomet banding trail (Fig. 5.1) of each of 25 of the most 
common fleshy-fruited plant species. The 25 plant species included 10 invasive species 
and 15 native species; native or invasive classification was determined using the Invasive 
Plant Atlas of New England’s current species list 
(https://www.eddmaps.org/ipane/ipanespecies/current_inv.htm). Individuals were chosen 
using randomized starting locations along the trail, after which point the first individual 
seen of the species was identified, and labeled for future visits (researchers were careful 
not to bias sightings based on plant size or number of fruits present).  
We revisited all labeled plants weekly, and recorded for each individual the 
phenological stage, including whether the plant had (1) at least one but <50% ripe fruits, 
(2) ≥ 50% ripe fruits, or (3) ≥ 50% past ripe fruits (either removed or rotten). 
Characteristics used to determine ripeness varied by species, but included a combination 
of color, texture, and size for each species. When possible we used Nature’s Notebook 
descriptions of ripe fruits (for 22 species, descriptions of ripe fruits for the exact species 
or another species in the same genus were available). One observer made all observations 
for consistency, with notes to track changes between visits. 
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Using the weekly observations, we calculated the following fruiting stage dates 
for each individual: first ripe fruit (the date on which ripe fruits were first observed), 
onset of peak fruiting (the first date on which ≥ 50% fruits were observed as ripe), end of 
peak fruiting (the last date on which ≥ 50% fruits were observed as ripe), and last ripe 
fruit (the last date on which any ripe fruits were observed). 
Availability Observations 
We monitored fruit availability in autumn of 2015 (9 August-10 November). We 
randomly selected 10 nets from the 50 nets at Manomet (Fig. 5.1). At each net, we 
identified a sampling zone 12 m wide (the length of the net), and, 12 m into the forest 
(starting one m from the net). We then randomized the location of ten 1x2 m subplots, 
with five on either side of the net (with the possible sampling area being. Two nets were 
inaccessible on one side due to dense vegetation; these nets had only 5 subplots, for a 
total of 90 total subplots across Manomet. We monitored all subplots weekly, and 
recorded, for all fruits present, both the plant species, and the number of unripe, ripe, and 
past ripe fruits using the following categories: 
    1: 1-10 
    2: 11-25 
    3: 26-100 
    4: 101-250 
    5: 251-1000 
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Fecal Sampling 
Bird banders at Manomet collected fecal samples in 2014 (15 August-13 
November) and 2015 (18 August-9 November). The protocols we used for collecting, 
storing, and sorting samples, and identifying seeds from samples were adapted from 
Parrish (1997). Clean cotton bags were used to transfer birds from the mist nets back to 
the central banding lab for processing; birds remained in bags for up to 60 minutes. If 
while banding and processing the birds, bird banders noted that a fecal sample was 
deposited into the cotton bag, they collected it; they recorded the bird species, band 
number, date, and net number, and stored this information with the sample. In 2014, 
banders collected fecal samples from any landbird species (all passerines or near-
passerines). However, in 2015 they avoided collecting samples from species for which 
the fecal samples from 2014 rarely contained seeds; this list included Black-capped 
chickadees, and all sparrows and flycatchers. They also avoided collecting samples from 
Myrtle Warblers because their highly-specialized diet of Myrica pensylvanica was 
confirmed by samples collected in 2014. 
Sample Processing 
Fecal samples were transferred weekly from cotton bags into plastic bags, and 
brought back to the laboratory at Boston University, where they were refrigerated until 
processing. For each sample, we used a dissecting microscope to record the presence or 
absence of seeds; where seeds were present, we also recorded any evidence of insects 
(typically partial insects, such as elytra, heads, or legs). All samples were checked for 
		
118 
seeds and insects by two observers. For each sample with seeds, we removed all seeds 
and stored them in 45% isopropyl alcohol solution. All seeds from a sample were kept in 
the same vial with a code, which was associated separately with all other sample 
information (such as bird species and date collected) to avoid any bias in seed 
identification. 
Seed Identification 
Seeds were identified using a reference collection of 48 species; in some cases, 
identification could only be done to the genus level, such as for Rubus and Lonicera 
species. The reference collection contained seeds from ripe fruits, collected from plants 
identified on the grounds of Manomet throughout autumn of 2014. Reference samples for 
each species were collected from at least five fruits of at least 5 individuals, when 
possible, to capture variation among fruits and individuals. Reference seed samples for 
each species were preserved using two methods: seeds were dried and stored, and seeds 
were also preserved in 45% isopropyl alcohol solution. During seed identification, the 
reference collection was also supplemented with an online guide to the seeds of fleshy-
fruited bird-dispersed plants of Southern Michigan (http://seedguide.blogspot.com/). We 
used seed size, shape, surface patterns, and (in some cases, with caution) color to identify 
seeds—in all cases, seeds were directly compared to the reference samples for identity 
confirmation. For each sample, we recorded the seed species and seed count for each 
species. We were unable to identify 8 samples (out of 195 total) in 2015. We recorded 
seed counts, but number of seeds does not indicate number of fruits for all species, since 
some species have one seed per fruit while other species have many seeds per fruit. 
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Consequently, we used seed data to indicate just presence or absence of a species in a 
sample; therefore, in all analyses we use the number of fecal samples in which a species 
was present to indicate consumption frequency. 
We also compared our results from fecal sampling to those documented by a 
previous study by S. Major (unpublished) at Manomet in 1988. Major collected samples 
from 20 August to 15 November, predominantly using passive collection of fecal samples 
from cotton bags (as described above). He also supplemented passive fecal sampling with 
flushing of Gray Catbirds and Catharus thrushes, which involved feeding warm water 
into the stomach through an esophageal tube and then collecting any fecal samples 
deposited in the following 15 minutes. This method is no longer considered to be 
appropriate due to the stress it places on birds.  
Data analysis 
All data were analyzed using R statistical software v3.4.0.  
Phenology—To identify the schedule of fruiting across all species, we calculated the 
average date (±SE) of each phenophase for each species in each year. We used analysis 
of variance (ANOVA) to determine whether fruiting phenology differed significantly 
among species, for each of the four fruiting stages in both years (a total of 8 tests). To 
gauge consistency in the timing of fruiting across species between years, we used Pearson 
product-moment correlations to compare the average date of each fruiting stage for each 
species between 2014 and 2015 (for a total of four models). We compared the average 
date of each fruiting stage between native and invasive species using a linear mixed 
effects (LME) model, including all observations with species included as a random effect 
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and invasive or native as a fixed effect, and date of fruiting stage as the response variable. 
We used the ‘lmer’ command in lme4 v1.1.13 (Bates et al. 2014) and the ‘Anova’ 
command in car v2.1.4 (Fox and Weisberg 2011) to determine p-values for fixed effects. 
To compare the phenology records from this study to the phenology records gathered 
from herbarium specimens, we ran correlations between the mean fruiting date for each 
species (for the 20 species common between the two data sets) from the herbarium 
records (Gallinat et al. in press) and the onset of peak fruiting dates recorded in 2014 and 
2015 at Manomet.  
 
Availability—For availability analyses, we converted all category data (see availability 
observations) into the mean value of each category (1: 5, 2: 18, 3: 63, 4: 175.5, 5: 625.5), 
and limited data analysis to ripe fruits. We averaged the number of ripe fruits across 
subplots to get a weekly average value for each plant species at each net. We then 
averaged across nets to calculate, for all species observed per week, the proportion of 
fruits belonging to each species. To compare the proportion of available species between 
native and invasive categories, we totaled the average proportion (across all nets) of all 
species in each group, for each week of observations. 
 
Seeds—To compare fruit consumption with fruit phenology, we calculated the 
percentage of total seeds in each year that were consumed during the average time when 
ripe fruits were observed (for instance, what percentage of the total Viburnum recognitum 
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recovered from fecal samples in 2015 were deposited between the average first fruiting 
date and last fruiting date observed for V. recognitum in 2015?).  
To compare fruit consumption with fruit availability, first we combined fecal 
analysis data by week of collection (to facilitate comparison to weekly fruit availability 
data). Then, to determine whether birds consume what is most available, we conducted 
chi-squared analysis on the number of occurrences of each species in fecal samples 
during each week of observation using the proportion of fruits available as the expected 
distribution (one model per week, limited to 2015). Due to the frequent occurrence that 
the available fruits observed and seeds from samples were of different species, we limited 
our analysis to weeks in which at least 2 species overlapped between available fruits and 
seeds in samples (9 of 12 weeks). To increase seed sample sizes, we also combined our 
data into four three-week periods (adding seed samples and averaging fruiting 
proportions across the three weeks), and conducted four additional chi-squared analyses. 
We used simple linear regression to test whether the proportion of total native fruits 
available could significantly predict the proportion of total native seeds consumed across 
the season (since invasive fruits and seeds are the inverse of native proportions, this 
model applied to both groups). 
To measure similarity in seed consumption between years (including 2014, 2015, 
and Major’s unpublished data from 1988) for Gray Catbirds, we ran correlations on the 
number of seeds of each species between years (3 correlations total).   
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RESULTS 
Fruit phenology 
Species significantly differed in their fruiting times (p<0.001 for all stages in all 
years). The earliest species to fruit included Sambucus canadensis, Lonicera morrowii, 
and Rubus sp., and Prunus serotina (Table 5.1, Fig. 5.2) all of these species ripened prior 
to the first phenology monitoring date (Aug 25), and began peak onset in August, in both 
years. The last species to fruit, reaching onset of peak fruiting from mid-October to mid-
November, included Rosa multiflora, Lonicera japonica, and Ligustrum vulgare. We 
found fruiting to be highly consistent (r > 0.75 and p<0.001 for all fruiting stages) from 
year to year (Fig. 5.3); that is, species were characteristically early-fruiting or late-
fruiting.  
The LME results show that in both 2014 and 2015, invasive species fruited 
significantly later than native species in nearly all phenophases (Table 5.2). The onset of 
peak fruiting occurred 25 days earlier (±7.5 SE, p = 0.0008) for native species compared 
to invasive species in 2014, and 21 days earlier (±7.4, p = 0.004) in 2015. End of peak 
fruiting differences between native and invasive species were similar to onset of peak 
differences, while first ripe fruit dates differed slightly less between the groups; native 
species initiated fruiting, on average, 17 days earlier (±7.8, p = 0.026) than invasive 
species in 2014, and 16 days earlier (±7.5, p = 0.032) in 2015. The date on which the last 
ripe fruit was observed (within the monitoring period) did not significantly differ between 
native and invasive species. Comparing phenology observations from herbarium 
specimens (mean fruiting dates) to field observations at Manomet (onset of peak fruiting 
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dates), we found they were strongly and significantly correlated in both 2014 
(coefficient=0.81, p<0.001) and 2015 (0.79, p<0.001); that is order of fruiting is very 
similar using both field monitoring and herbarium specimens.  
Fruit availability 
Fruit availability varies temporally and spatially across the autumn migration 
season (Fig. 5.4), declining consistently from early-October to mid-November when 
monitoring ended. We observed ripe fruits of 20 species across the season (Fig. 5.5); 
species with greatest availability early in the season include Lonicera morrowii (83% of 
fruits on 9 Aug), Prunus serotina (64% of fruits on 18 Aug, and 85% of fruits on 25 
Aug), while Nyssa sylvatica had the greatest availability mid-season (93% of fruits on 22 
Sept). Species with greatest availability late in the season include Euonymus alatus (38% 
of fruits on 3 Nov), Rosa multiflora and Ligustrum vulgare (35% and 15%, respectively, 
of fruits on 10 Nov). While one species is dominant through most of August and 
September (Lonicera morrowii, then Prunus serotina, then Nyssa sylvatica), the end of 
the season is characterized by more equal abundances of several species, many of them 
invasive shrubs (Berberis thunbergii, Ligustrum vulgare, Rosa multiflora, and Euonymus 
alatus, but also the native species Smilax rotundifolia). 
Fruit consumption 
We collected a total of 970 fecal samples across two years (2014: n=483, 2015: 
n=487). Of those samples, 469 contained identifiable seeds (2014: n=282, 2015: n=187), 
and of the samples containing seeds all but five samples contained arthropod parts 
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(n=464). The majority of fecal samples were collected from Gray Catbirds (n=317 total, 
2014: n=169, 2015: n=148) followed by Myrtle Warblers in 2014 (n=67) and, taken 
together, Catharus thrushes, which included Hermit Thrushes (C. guttatus), Swainson’s 
Thrushes (C. ustulatus), Veeries (C. fuscescens), and Gray-cheeked Thrushes (C. 
minimus) (n=54 total, 2014: n=29, 2015: n=25; Table 5.3). Most seeds found in fecal 
samples early in the season belonged to Rubus sp. and Vaccinium sp., followed by a large 
proportion of Nyssa sylvatica seeds in mid-autumn, and mostly Parthenocissus 
quinquefolia seeds as well as Ilex verticillata, Myrica pensylvanica, Toxicodendron 
radicans, and Smilax rotundifolia seeds at the end of the season (Fig. 5.6); it is 
noteworthy that these are all native species.  
When fecal samples from all bird species are combined, correlations show the 
number of seeds consumed of each plant was similar between 2014 and 2015 (r = 0.79, 
p<0.001, df = 12)—that is, birds were eating the same kinds of fruits in each of these two 
years—and 2014 and 1988 (r = 0.67, p = 0.02, df = 10), but not between 2015 and 1988 
(r = 0.01, p = 0.97, df = 9). Gray Catbirds consumed fruits of 14 plant species in 2014, 15 
plant species in 2015, and 12 plant species in 1988 (Table 5.3; Fig. 5.7). Correlations 
showed the composition of seeds was similar between 2014 and 2015 (r = 0.80, p<0.001, 
df = 12), but there was no relationship in seed composition between either of these years 
and 1988 (1988 vs. 2014: r = 0.52, p = 0.12, df = 8; 1988 vs. 2015: r = 0.21, p = 0.54, df 
= 9). In 2014, when a large number of Myrtle Warblers were sampled, 61 of 62 fecal 
samples contained Myrica pensylvanica as the only seed type (similarly, in 1988, 82 of 
83 Myrtle Warbler samples contained just M. pensylvanica; Table 5.3). Catharus 
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thrushes, together, consumed 7 plant species in 2014, 5 species in 2015, and 2 species in 
1988; however the seed species composition of these groups varied widely, with only two 
species overlapping in all three years (Parthenocissus quinquefolia and Rubus sp. were 
both identified in fecal samples from 2014 and 2015; Table 5.3; Fig. 5.7).  
The dates on which seeds were recovered from fecal samples fell predominantly 
within the time period that ripe fruits were observed (from average first ripe fruit date to 
last ripe fruit date) for that species in both years (Fig. 5.8; Table 5.1), however, there 
were exceptions as some seeds were found in fecal samples before or after the observed 
ripe period. In both years, seeds of some plant species were present in fecal samples 
before the fruits appeared to be ripe at Manomet (as in the case of Myrica pensylvanica 
and Viburnum recognitum, and in 2015, Ilex verticillata), or after the observed ripe 
period had ended (such as Rubus sp., Vaccinium corymbosum, Toxicodendron radicans, 
and, in 2015, Parthenocissus quinquefolia). For 10 of 15 species collected from fecal 
samples in 2014 and 8 of 16 species in 2015, 75% or more of seeds fell within the 
average period when ripe fruits were observed (between the average first ripe and last 
ripe fruit dates; Fig. 5.8, Table 5.1).  
In 2015, when fruit availability was measured, the number of species occurrences 
in fecal samples in each week did not follow the proportions of fruit availability in the 
same week for eight of the nine weeks tested (p > 0.05). For the week of 29 September, 
the distribution of seeds in samples was not significantly different than the distribution 
expected based on proportions of fruit availability, largely due to a high availability and 
consumption of Nyssa sylvatica (χ2 = 3.58, df = 8, p<0.05). For an additional three weeks 
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that were sampled (22 Sept, 23 Oct, 29 Oct), we could not analyze similarities between 
seeds in fecal samples and fruit availability because fewer than two species overlapped 
between the two groups. When samples were combined into four three-week periods, we 
found that seed occurrences did not reflect available fruit proportions in any period (p > 
0.05). In fact, most species commonly found in fecal samples were in fairly low relative 
abundance on the grounds of Manomet; the most commonly consumed seeds included 
Rubus sp, Vaccinium corymbosum, Nyssa sylvatica, and Parthenocissus quinquefolia, 
whereas the most abundant fruits on site included Lonicera morrowii, Prunus serotina, 
Nyssa sylvatica, and Euonymus alatus.  
When we combine native and invasive species into groups, the total proportion of 
fruit availability does not significantly predict total proportion of seeds consumed in 
either group (R2 = 0.03, p = 0.57, df = 10). Invasive fruit availability has two peaks, one 
in early-autumn and another in late-autumn, whereas native fruit availability is highest 
mid-autumn; however, the consumption of native fruits is consistently high and the 
consumption of invasive fruits is consistently low throughout the autumn season (Fig. 
5.9). 
 
DISCUSSION 
 As frugivorous birds undergo autumn migration, the fruits they consume depend 
upon their likelihood of encountering, and preferences for, particular fleshy-fruited 
species (Carnicer et al. 2009). The interaction networks between birds and fruits in 
autumn are critical for both bird nutrition during migration and seed dispersal, and dietary 
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shifts have the potential to disrupt both processes. Dietary shifts are most likely to occur 
in response to changes in plant and bird phenology if bird consumption strongly reflects 
fruit availability. In addition, as many birds migrate through New England later in 
response to warming temperatures (Ellwood et al. 2015b), it becomes increasingly 
important that we understand patterns of late-autumn fruit availability and frugivory, 
particularly in light of a potential late-autumn niche for invasive fleshy-fruited plants. In 
this study, we explored patterns of fruit phenology and availability for over 25 species 
across the autumn season at Manomet, a stopover site in coastal Massachusetts, USA. We 
compared fruit availability with seeds identified from fecal samples to test whether birds 
show strong preferences or consume fruits based on availability.  
 We found that fleshy-fruited species differ in fruiting phenology across the 
autumn season—that is, individuals of a species tend to fruit in the same window of time, 
and fruiting times are strongly correlated between years. We found this to be true for all 
four fruiting stages monitored (first fruit, onset of peak fruiting, end of peak fruiting, and 
last fruit). We were not able to capture the full fruiting phenology windows for several 
species that began fruiting (and, in the case of V. corymbosum and L. morrowii, entered 
peak fruiting) before monitoring began, or that retained fruits after monitoring ended (e.g. 
E. umbellata, L. vulgare, R. multiflora, B. thunbergii, and others). In this study, for the 
purpose of focusing just on the autumn migration season, we recorded the last day of 
fruiting as the last day of monitoring for persistent species; however, it should be noted 
that many of these late-fruiting species have been shown to retain fruits into the winter 
and in some cases the following spring (Stiles 1980, Greenberg and Walter 2010, Gallinat 
		
128 
et al. in prep, Gallinat et al. in press). For all fruiting stages except last fruiting date 
(likely because of the described data eccentricity), we found that invasive plants fruited 
significantly later than native species. For instance, the onset of peak fruiting was 25 days 
later for invasive species than native species in 2014, and 21 days later in 2015. These 
results from field observations are extremely similar to, and provide validation for, the 
results of an herbarium-based study of fruiting phenology with 20 of the same species, in 
which invasive species fruited, on average, 26 days later than native species (Gallinat et 
al. in press). In addition, we found that for the 20 species included in both this study and 
the herbarium study, fruiting dates were strongly correlated, providing further validation 
that herbarium specimens are a valuable tool for describing community-scale patterns in 
fruit phenology. 
 As some frugivorous landbirds species shift autumn migration later with warming 
temperatures, including the American Robin (Turdus migratorius), Hermit Thrush, Red-
eyed Vireo (Vireo olivaceus), and Swainson’s Thrush (Ellwood et al. 2015b), they may 
be more likely to encounter invasive fruits. Theoretically, fleshy-fruited plants experience 
a trade-off between ripening when dispersers are most abundant and when other plants 
are fruiting in order to attract more dispersers to the area, and fruiting before or after 
other species to avoid competition for dispersers (Thompson and Willson 1979, Stiles 
1980, Skeate 1987). Many invasive fleshy-fruited plants appear to epitomize the latter 
strategy, fruiting before (in the case of L. morrowii) or, in most cases after, most native 
plants have completed fruiting and many insects have entered diapause. The ability of 
invasive species to capitalize on phenological windows of least competition has been 
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described for leafing out and flowering in the spring, as well as leaf senescence in the 
autumn (Fridley 2012, Wolkovich and Cleland 2014). 
 Fruit availability data, collected in 2015, provides further support for a late-
autumn niche of invasive fleshy-fruited species. Over the course of the season, fruit 
availability is highly variable across space and time, and peaks in overall fruiting 
abundance are driven by short-term availability of two high-volume native fleshy-fruited 
tree species, N. sylvatica and P. serotina. The availability of fruit declines steadily from 
early October to mid-November, during which time the most available fruits are those of 
invasive shrubs R. multiflora, E. alatus, L. vulgare, and B. thunbergii, as well as the 
native vine S. rotundifolia. A late-season increase in these invasive fruits is reflected in 
other studies of late-autumn fruiting (Stiles 1980, White and Stiles 1992, Greenberg and 
Walter 2010). The general patterns of fruit availability that we found are likely applicable 
to most eastern North American temperate forests with a mix of native and invasive 
fleshy-fruited species. However, considering the wide spatial variation in species 
availability and seed production, and the potential for interannual variation in fruit yields 
(Jordano 1987; though variation in seed production is relatively low for frugivore-
dispersed plants compared to other means of dispersal, see Herrera et al. 1998), we do not 
expect that the specific abundance estimates that we calculated would be true of all years 
at Manomet, or of nearby sites.  
 Previous studies have shown that many landbird species are generalist 
omnivores (Thompson and Willson 1979, Fuentes 1995, Parrish 1997), switching 
between invertebrates and a variety of fruiting species throughout the autumn season. The 
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results of our fecal sampling efforts provide further support for this claim, particularly for 
Gray Catbirds and Catharus thrushes, from which the majority of the samples we 
analyzed were collected. In particular, our results mirrored those of Davidar and Morton 
(1986) in which Gray Catbirds and Catharus sp. were shown to consume many of the 
same species that we identified from samples (including P. quinquefolia, N. sylvatica, 
Viburnum sp., and Phytolacca americana). We documented interannual variation in the 
species and number of seeds consumed by Gray Catbirds and Catharus sp. between 2014 
and 2015 and found that Gray Catbirds had similar diets between years, while Catharus 
thrushes did not have enough species overlap to analyze differences. When we compared 
our findings to those of Major (unpublished) from 1988, we found that both Gray 
Catbirds and Catharus sp. consumed a wider range of species in recent years compared to 
1988, and the diets of Gray Catbirds were significantly different between 1988 and 2015 
(but not 2014). Thus, we find strong evidence of dietary plasticity in both species, and 
differences may be due to interannual variation in fruit availability, differences in 
individual preferences, or even chance. We found additional support (as did Major, 
unpublished) of a highly-specialized relationship between Myrtle Warblers and Myrica 
pensylvanica fruits. The large number of Gray Catbird fecal samples in this data set 
provides an opportunity to further explore fruit preferences in this species; we plan to 
conduct additional analyses on Gray Catbird samples to further describe species-specific 
seasonal patterns, and to determine the impact of Gray Catbird samples on the findings 
we have described for the full community of birds sampled. 
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We also found arthropod body parts in all but 5 of the 469 fecal samples we 
processed containing seeds. Many birds are already known to include invertebrates as a 
substantial part of their autumn diets despite the wide availability of fruit in autumn and 
often greater energy required to capture invertebrates compared to fruit (Fuentes 1995); 
the consumption of invertebrates on migratory stopover has been linked to faster 
individual gains in mass (Parrish 1997). An additional concern with respect to the spread 
of invasive species is an associated decline in invertebrate biomass (Tallamy 2004, 
Heleno et al. 2009); taken together with other documented declines of insects worldwide 
(Potts et al. 2010), fruits may become an increasingly important autumn food resource for 
omnivorous landbirds with high dietary plasticity, such as Gray Catbirds. More studies 
are urgently needed to understand the impact of invertebrate declines on migratory birds, 
including insectivores and omnivores, and the potential for differences in dietary 
plasticity to affect species vulnerability.  
 If birds consumed fruits based predominantly on availability, we would predict 
that the plant species with the greatest availability would appear in landbird fecal samples 
in similarly high proportions. Based on the availability of species we monitored in 2015, 
this would mean a high proportion of native seeds, specifically those of P. serotina and 
N. sylvatica in the early to mid-autumn, followed by an increase in the seeds of invasive 
shrubs in late-autumn. On the contrary, our results from fecal sampling showed fruit 
consumption reflected proportions of fruit availability for only one week out of 12, and 
this pattern was driven almost entirely by a peak in the availability and consumption of N. 
sylvatica seeds. Not only did the birds we sampled (a large proportion of which were 
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Gray Catbirds) not consume fruits in the proportions that they were available at 
Manomet, but many of the fruits they consumed were not present in our abundance 
estimates at all, or were present in extremely low abundance, such as Vaccinium 
corymbosum and Rubus sp. in early autumn, and Parthenocissus quinquefolia and Ilex 
verticillata in late-autumn. These species were all present on site, and were monitored for 
fruiting phenology, so it is possible that we did not capture the full range of fruit 
availability at Manomet, or that the seeds deposited in some fecal samples were not 
consumed on the grounds of Manomet, where we monitored for fruit availability. It is 
likely that some seeds were consumed in other locations; however, recorded seed passage 
times are typically under one hour (Walsberg 1975, LaFleur et al. 2009), and a study of 
stopover habitat use in an urban landscape showed individuals used between 
approximately 1-16 ha of area over several days (Seewagen et al. 2010). Therefore, we 
expect that the majority of the seeds we identified were consumed at Manomet or nearby. 
More studies using GPS to track the stopover behavior of migratory songbirds will 
improve our understanding of stopover foraging ecology and allow us to better link fruit 
availability with fruit consumption. In addition, the likelihood that some birds consumed 
the flesh of fruits without consuming the seeds, regurgitated seeds, or digested seeds, 
limits our ability to use fecal sampling to definitively determine what birds are not eating.  
However, results from fecal samples strongly suggest that the birds sampled did 
not consume the seeds of invasive species during the sampling period, despite their 
increased relative abundance in late-autumn; this finding is supported by several prior 
studies that have also demonstrated a preference for the fruits of native species over 
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invasive species (Whelan et al. 1991, Smith et al. 2013, but see LaFleur et al. 2007 for 
invasive fruit preferences). At Manomet, it appears that if native fruits are still available 
on the grounds, even if they are present in low abundance (e.g. I. verticillata, S. 
rotundifolia), or are no longer ripe in the sampling area (e.g. P. quinquefolia, V. 
corymbosum), they will be selected over invasive species (though due to the skew of our 
fecal sampling results, the application of this finding beyond Gray Catbirds requires 
further study). This may be due to the relatively low average nutritional quality of 
invasive fleshy fruits (Ingold and Craycraft 1983, but see Greenberg and Walter 2010 for 
no difference between native and invasive fruits, Smith et al. 2013). Presumably, shifts in 
nutritional quality could have drastic effects for birds during migration, however, 
negative effects of invasive fruit consumption on bird body condition are not well-
demonstrated (Nelson et al. 2017). A recent study of Gray Catbird stopover ecology 
showed that individuals in habitats dominated by native shrubs gained mass and had 
higher immune function, compared to individuals in habitats dominated by exotic shrubs, 
which actually lost mass during stopover (Oguchi et al. 2017).  
This study provides some evidence that during the autumn migration time, many 
frugivorous birds at Manomet prefer to eat native fruits rather than invasive fruits. 
However, it remains unknown whether invasive fruits are consumed at Manomet in 
greater proportions in late-autumn and winter after native fruits and insects are no longer 
available. Several studies have found that invasive species have more persistent fruits 
than native species (White and Stiles 1992, Drummond 2005, Gallinat et al. in press) and 
others suggest that winter resident birds are the primary consumers and dispersers of 
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invasive fruits (Skeate 1987, White and Stiles 1992, Gosper et al. 2005). As invasive 
fleshy-fruited plants are linked to increased abundances of some landbirds (Leston and 
Rodewald 2006, Gleditsch and Carlo 2011), the spread of invasive species and abundant 
winter fruit resources may be one reason that many birds overwintering in the northern 
hemisphere have expanded their winter ranges northward (La Sorte and Thompson 2007). 
The removal of invasive fruits in winter increases with colder temperatures (Kwit et al. 
2004), which further indicates that invasive fruits may serve as a novel food resource in 
winter. Future studies should further investigate links between invasive plants and 
expanding winter ranges of birds. To better understand the winter fruiting niche for 
invasive fruiting plants, next steps include identifying the primary species dispersing 
invasive seeds in winter, and measuring the dispersal and germination success of seeds 
deposited in winter.  
Last, the use of two methods for monitoring fruiting in the same year, at the same 
location, provides an opportunity for comparison. The advantages of the phenology 
transect are that we monitored species present in both high and low abundance at 
Manomet, and fruiting phenology was separated into distinct stages. Also, this method 
was relatively easy to use, from selecting randomized individuals along a path, to 
monitoring along the trail each week; this method could be fairly easily incorporated into 
existing banding protocols at short- and long-term stations with multiple observers. 
However, the phenology method did not provide information on fruit abundance, which 
will be important for any researchers interested in what fruits are locally available (and 
which are most available) to birds. Our fruit availability method did capture abundance 
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but, compared to the phenology transect, was more time consuming and challenging to 
accomplish, due to Manomet’s dense, bramble-heavy understory. Because this method 
was more invasive to the plant community around the banding nets, and took longer to 
accomplish, it was more likely to result in damage to sensitive plants and may have 
affected bird captures on monitoring dates. While we only used data collected on ripe 
fruits in this study, it is also possible to use the relative counts of unripe, ripe, and past 
ripe fruits we recorded to estimate phenological stages from these availability methods. 
At sites like Manomet with high spatial heterogeneity of plant species and fruit 
availability, however, this method requires intensive sampling to minimize error when 
estimating site-wide fruit availability.  
In this study, fruit availability data did not reflect what birds were eating, and in 
fact did not capture many species that birds were eating. Fruit phenology data, on the 
other hand, did typically overlap with seeds found in fecal samples. Therefore, for 
researchers interested in monitoring fruits to determine what birds may be eating, fruit 
phenology transects could provide just as much information, with less effort and 
resources, than intensive availability monitoring. 
 
CONCLUSIONS 
 Taken together, our results show that the fruits consumed by migratory birds, 
particularly Gray Catbirds, at a stopover site in coastal MA reflect fruit phenology and 
bird dietary preference. We found that plants had distinct fruiting times across the autumn 
season that were consistent from year to year, and birds primarily consumed fruits during 
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times when ripe fruits were observed. Invasive plants fruited significantly later than 
native plants in the period observed, and these patterns were reflected in ripe fruit 
availability; as the overall volume of fruits, and availability of native fruits declined from 
early October to mid-November, the availability of invasive fleshy fruits increased. 
However, these patterns were not reflected in fecal samples collected from birds at 
Manomet; most of the species sampled showed strong evidence of generalist feeding and 
dietary switching, and preferred to consume native species that were present in low 
abundance or were no longer ripe, rather than the abundant invasive ripe fruits on site. 
These results show the importance of native fruits as a nutritional resource for birds in 
autumn, and point to a winter niche for invasive fruits in deciduous forest communities.   
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TABLES AND FIGURES 
Table 5.1. The dates of each phenophase (SE in parentheses) and samples size (N) for 25 
species fleshy-fruited species monitored at Manomet, in 2014 and 2015. First ripe date is 
the first date on which at least one ripe fruit was observed, peak onset is the first date on 
which at least 50% of fruits were observed to be ripe, peak end is the first date on which 
at least 50% of fruits were observed to be past ripe (shriveled, rotten, or fallen), and last 
ripe date is the last date on which any ripe fruits were observed. The percent of seeds 
from fecal samples collected between the average first ripe date and last ripe date is also 
included (labeled % Seed Overlap; data pictured in Fig. 5.8); species for which no 
overlap value is given did not appear in fecal samples. Invasive species are noted with an 
asterisk. 
Species Year N First Ripe Peak Onset Peak End Last Ripe % Seed 
Overlap 
Aronia 
melanocarpa 
2014 3 Oct-7 (2.3) Oct-10 (0) Oct-22 (0) Nov-14 (0) - 
2015 3 Sep-15 (0) Sep-24 (2.3) Oct-9 (3.0) Nov-6 (4.0) - 
Berberis 
thunbergii* 
2014 5 Sep-12 (1.2) Sep-22 (1.8) Oct-12 (6.8) Nov-14 (0) - 
2015 5 Sep-24 (1.7) Oct-1 (1.7) Oct-6 (3.6) Nov-14 (0) 100 
Celastrus 
orbiculatus* 
2014 5 Sep-28 (4.2) Oct-8 (3.7) Nov-8 (4.5) Nov-14 (0) 100 
2015 5 Sep-26 (1.7) Oct-3 (3.2) Oct-14 (2.7) Nov-7 (2.4) 57.14 
Crataegus sp 
2014 1 Oct-15 Oct-15 Oct-22 Nov-14 - 
2015 1 Oct-15 Oct-15 Oct-29 Nov-10 - 
Eleagnus 
umbellata* 
2014 3 Oct-5 (2.3) Oct-5 (2.3) Oct-17 (2.3) Nov-14 (0) - 
2015 3 Sep-8 (0) Sep-15 (0) Oct-11 (9.1) Nov-10 (0) - 
Euonymus 
alatus* 
2014 5 Oct-1 (1.8) Oct-8 (1.4) Oct-20 (1.4) Nov-8 (2.6) - 
2015 5 Oct-3 (1.7) Oct-11 (2.2) Oct-23 (7.8) Nov-10 (0) - 
Ilex verticillata 
2014 5 Sep-15 (0) Sep-24 (4.0) Oct-31 (4.5) Nov-14 (0) 100 
2015 5 Oct-3 (1.7) Oct-7 (1.8) Nov-10 (0) Nov-10 (0) 66.67 
Ligustrum 
vulgare* 
2014 5 Nov-7 (0) 
Nov-11 
(1.7) 
Nov-14 (0) Nov-14 (0) - 
2015 5 Oct-25 (1.5) Nov-4 (1.4) Nov-10 (0) Nov-10 (0) - 
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Lonicera 
japonica* 
2014 5 Oct-10 (0) Oct-12 (1.2) 
Nov-16 
(4.8) 
Nov-14 (0) 100 
2015 5 Oct-15 (0) Oct-19 (2.5) Nov-10 (0) Nov-10 (0) - 
Lonicera 
morrowii* 
2014 5 Aug-25 (0) Aug-25 (0) Aug-25 (0) Sep-8 (2.1) 77.78 
2015 5 Aug-25 (0) Aug-25 (0) Aug-25 (0) Aug-25 (0) 0 
Maianthemum 
canadensis 
2014 3 Sept-1 (3.3) Sep-8 (2.0) Sep-18 (3.0) Oct-7 (4.0) 100 
2015 3 
Aug-30 
(4.7) 
Sep-8 (4.0) Sep-23 (5.2) Oct-6 (4.6) 55.56 
Myrica 
pensylvanica 
2014 3 Sep-21 (3.0) Sep-27 (3.0) Oct-17 (2.3) Nov-9 (4.7) 82.61 
2015 3 Sep-17 (2.3) Sep-24 (2.3) Oct-16 (6.7) Nov-10 (0) 83.33 
Nyssa sylvatica 
2014 4 Sep-15 (0) Sep-19 (2.6) Oct-15 (0) Nov-14 (0) 100 
2015 4 Aug-24 (0) Sep-20 (1.8) Oct-4 (1.8) Oct-15 (0) 86.36 
Parthenocissus 
quinquefolia 
2014 5 Sep-24 (0) Sep-27 (2.2) Oct-16 (1.4) Nov-5 (3.4) 100 
2015 5 Sep-15 (0) Sep-20 (1.4) Sep-30 (1.4) 
Oct-13 
(1.8) 
37.50 
Phytolacca 
americana 
2014 5 Sep-12 (1.2) Sep-15 (2.3) Oct-22 (9.0) 
Nov-12 
(1.4) 
100 
2015 5 Sep-20 (2.6) Sep-29 (2.2) Oct-11 (5.2) Nov-7 (2.4) 100 
Prunus serotina 
2014 5 Aug-25 (0) Aug-25 (0) 
Aug-14 
(2.2) 
Sep-9 (1.7) 42.86 
2015 5 Aug-25 (0) 
Aug-26 
(1.4) 
Sep-1 (0) Sep-15 (0) 81.82 
Rosa 
multiflora* 
2014 5 Oct-16 (2.3) Nov-1 (3.0) 
Nov-12 
(1.4) 
Nov-14 (0) - 
2015 5 Oct-4 (1.4) Oct-13 (1.8) Nov-4 (3.8) Nov-10 (0) - 
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Rubus sp 
2014 5 Aug-25 (0) 
Aug-27 
(2.0) 
Sep-1 (3.1) 
Sep-18 
(2.2) 
66.16 
2015 5 Aug-25 (0) 
Aug-28 
(2.2) 
Aug-28 
(2.2) 
Sep-6 (1.4) 47.83 
Sambucus 
canadensis 
2014 1 Aug-25 Aug-25 Aug-25 Sep-4 - 
2015 1 Aug-25 Aug-25 Aug-25 Sep-1 - 
Smilax 
rotundifolia 
2014 5 Sep-24 (2.9) Oct-1 (1.8) Nov-9 (4.6) Nov-14 (0) - 
2015 5 Sep-29 (0) Oct-4 (1.4) Oct-23 (7.8) Nov-10 (0) 100 
Solanum 
dulcamara* 
2014 3 Aug-25 (0) Sep-6 (2.0) Sep-18 (3.0) 
Sep-27 
(3.0) 
100 
2015 3 Aug-25 (0) Sep-3 (2.3) Sep-15 (4.0) Oct-2 (6.8) 87.5 
Toxicodendron 
radicans 
2014 5 Aug-25 (0) 
Aug-29 
(2.5) 
Sep-11 (2.2) Oct-2 (3.6) 33.33 
2015 5 Aug-25 (0) 
Aug-29 
(1.7) 
Sep-8 (2.2) 
Sep-17 
(1.7) 
0 
Vaccinium 
corymbosum 
2014 5 Aug-25 (0) Aug-25 (0) Aug-25 (0) Sep-5 (1.2) 18.46 
2015 5 Aug-25 (0) Sep-3 (1.7) Sep-8 (2.2) 
Sep-10 
(1.7) 
53.85 
Viburnum 
recognitum 
2014 5 
Aug-31 
(2.5) 
Sep-7 (1.5) Sep-22 (3.4) Nov-2 (6.2) 61.29 
2015 5 Aug-25 (0) Aug-25 (0) Sep-8 (5.9) 
Sep-13 
(4.1) 
90 
Vitis aestivus 
2014 5 Sep-2 (2.0) Sep-8 (1.2) Sep-18 (2.2) 
Sep-29 
(2.2) 
- 
2015 5 Aug-25 (0) Sep-2 (1.4) Sep-13 (1.4) 
Sep-19 
(1.7) 
- 
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Table 5.2. Results from linear mixed effects models comparing the date of each fruiting 
stage (first ripe date, peak onset of fruiting, peak end of fruiting, and last ripe date) 
between native and invasive species. We present the difference between groups 
(coefficient), degrees of freedom, standard error, and P-value, for all four fruiting stages 
in each year (negative values indicate earlier native than invasive phenology). 
 
Year Fruiting stage Coefficient df SE P-value 
2014 
First Ripe -17.39 24 7.80 0.026 
Peak Onset -25.26 24 7.51 0.0008 
Peak End -25.23 23 9.95 0.011 
Last Ripe -12.61 24 10.94 0.249 
2015 
First Ripe -16.08 24 7.50 0.032 
Peak Onset -21.06 23 7.39 0.004 
Peak End -22.97 23 9.11 0.012 
Last Ripe -18.56 24 10.87 0.088 
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Table 5.3. Associations between bird species from which fecal samples were collected 
and the seeds identified from samples. For each bird species, in each year (2015, 2014, 
and 1988 results from Major, unpublished) we present the number of samples in which 
each plant species was identified. 
Bird Species 
Plant Species 2015 2014 1988 
American Robin 
(Turdus migratorius) 
Celastrus orbiculatus 1 - - 
Maianthemum canadensis 2 - - 
Nyssa sylvatica 4 - - 
Parthenocissus quinquefolia 1 - - 
Prunus serotina 1 - - 
Vaccinium corymbosum 1 - - 
Viburnum recognitum 1 - - 
Baltimore Oriole 
(Icterus galbula) 
Rubus sp. - 3 - 
Vaccinium corymbosum - 12 - 
Black-capped Chickadee 
(Poecile atricapillus) 
Vaccinium corymbosum - 1 - 
Blackpoll Warbler 
(Setophaga striata) 
Maianthemum canadensis 1   - 
Brown Thrasher 
(Toxostoma rufum) 
Viburnum recognitum - - 9 
Cedar Waxwing 
(Bombycilla cedrorum) 
Nyssa sylvatica 1 - - 
Prunus serotina - 1 - 
Downy Woodpecker 
(Picoides pubescens) 
Parthenocissus quinquefolia 2 2 - 
Toxicodendron radicans 2 1 - 
Vaccinium corymbosum 1 1 - 
Viburnum recognitum - 1 - 
Eastern Phoebe Rubus sp. - 1 - 
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(Sayornis phoebe) Vaccinium corymbosum - 1 - 
Gray Catbird 
(Dumetella carolinensis) 
Berberis thunbergii 1 1 - 
Celastrus orbiculatus 5 2 2 
Ilex verticillata 8 1 8 
Lonicera sp. 3 7 62 
Maianthemum canadensis 5 2 8 
Myrica pensylvanica 2 5 5 
Nyssa sylvatica 16 6 12 
Parthenocissus quinquefolia 7 - 1 
Phytolacca americana 4 1 15 
Prunus serotina 10 6 11 
Rubus sp. 22 55 - 
Sambucus canadensis - - 6 
Smilax rotundifolia - -   
Solanum dulcamara 1 6 - 
Toxicodendron radicans 7 1 - 
Vaccinium corymbosum 48 49 35 
Viburnum recognitum 9 27 55 
Gray-cheeked Thrush 
(Catharus minimus) 
Lonicera sp. - - 2 
Rubus sp. 1 - - 
Smilax rotundifolia 1 - - 
Hairy Woodpecker 
(Picoides villosus) 
Parthenocissus quinquefolia 1 1 - 
Toxicodendron radicans 1 - - 
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Hermit Thrush 
(Catharus guttatus) 
Celastrus orbiculatus - 1 - 
Ilex verticillata - 1 - 
Maianthemum canadensis 1 - - 
Myrica pensylvanica   3 - 
Nyssa sylvatica 1 - - 
Parthenocissus quinquefolia 3 3 - 
Rubus sp. - 2 - 
Smilax rotundifolia 1 - - 
Vaccinium corymbosum - 1 - 
Myrtle Warbler 
(Setophaga coronata 
coronata) 
Juniperus virginiana - - 1 
Myrica pensylvanica 4 61 82 
Toxicodendron radicans - 1 - 
Purple Finch 
(Haemorhous purpureus) 
Ilex verticillata - 1 - 
Red-eyed Vireo 
(Vireo olivaceus) 
Celastrus orbiculatus - 1 - 
Parthenocissus quinquefolia - 1 - 
Vaccinium corymbosum 2 - - 
Viburnum recognitum - 2 - 
Scarlet Tanager 
(Piranga olivacea) 
Rubus sp. - 1 - 
Swainson's Thrush 
(Catharus ustulatus) 
Celastrus orbiculatus - 1 - 
Ilex verticillata - 1 - 
Lonicera sp. - - 4 
Parthenocissus quinquefolia - 2 - 
Solanum dulcamara - 1 - 
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Tufted Titmouse 
(Baeolophus bicolor) 
Lonicera sp. - 1 - 
Veery 
(Catharus fuscescens) 
Lonicera sp. - 1 5 
Viburnum recognitum - - 2 
Northern Flicker 
(Colaptes auratus) 
Nyssa sylvatica - 1 - 
Parthenocissus quinquefolia - 1 - 
Viburnum recognitum   1 - 
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Figure 5.1. Map of the field site at Manomet in Plymouth, MA. The inset shows the 
location of Manomet on the coast of Massachusetts. In the main figure, the blue line 
indicates the banding trail, which also served as the phenology walking trail in 2014 and 
2015. White lines indicate mist nets. Yellow stars indicate locations where fruit 
abundance was monitored in 2015 (each star represents five 1x2 m subplots monitored 
weekly for fruit abundance). 
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Figure 5.2. Fruiting phenology for 25 species at Manomet in Plymouth, MA in 2014 and 
2015. Points indicate the average onset of peak fruiting, and bars indicate the range from 
average first fruiting date to last fruiting date for each species. Names of native species 
are in black, with invasive species in red.  
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Figure 5.3. Correlations comparing mean fruiting dates for 25 species, between years 
(2014-2015) at Manomet in Plymouth, MA. Four fruiting stages were monitored weekly 
in each year: first ripe fruit (the date on which the first ripe fruit was observed), onset of 
peak fruiting (the date on which at least 50% ripe fruits were observed), end of peak 
fruiting (the date on which at least 50% of fruits were observed as past ripe), and last ripe 
fruit (the last date on which a ripe fruit was observed). Each point represents a single 
species mean, calculated across up to five individuals (see Table 1 for sample sizes). 
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Figure 5.4. Total estimated number of fruits availabile across Manomet from 9 August to 
10 November, 2015. The estimated total number of fruits of all species were first 
averaged across subplots (2 m2) at each net, and were used to extrapolate the number of 
fruits across Manomet’s 7 ha area. The average (black line) across all nets and the 
standard error (gray ribbon) among all nets are estimated across the sampling period. 
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Figure 5.5. The proportion of fruits observed at Manomet in 2015 belonging to each plant 
genus, from 9 August to 10 November. For each genus, estimated fruit density (number 
of fruits per m2) was averaged across subplots and then across nets, in each week; we 
then used these values to calculate a proportion of available fruits of each genus out of 
total fruit availability (therefore in each week, all species values add up to 1). Genera 
with the highest proportion availability are labeled; those for which our available species 
are invasive are denoted with a red asterisk. 
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Figure 5.6. The proportion of seed occurrences in fecal samples at Manomet in 2015 
belonging to each plant genus, from 18 August to 9 November. A single seed occurrence 
was defined as a genus being present in a sample, regardless of the number of seeds 
present. Seed occurrence data are presented as weekly sums, with points shown on the 
first day of each week and weeks ranging from 18 August to 3 November. Genera with 
the highest proportion of total seed occurrences are labeled; those for which the available 
species are invasive are denoted with a red asterisk.  
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Figure 5.7. The frequency of seed occurrences of each plant species, identified from fecal 
samples of Gray Catbirds and Catharus sp. in 2015, 2014, and 1988 (values from Major, 
unpublished). A single seed occurrence was defined as a genus being present in a sample, 
regardless of the number of seeds present. Catharus sp. indicates combined data from 
Hermit Thrush, Swainson’s Thrush, Veery, and Gray-cheeked Thrush fecal samples.  
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Figure 5.8. The phenology of fruiting at Manomet overlaid with the dates on which seeds 
were deposited in fecal samples, in 2014 and 2015. Phenology bars (blue) range from 
mean first ripe fruit to mean last ripe fruit, averaged from observations of up to five 
individuals of each species (see Table 1 for sample sizes); red circles indicate a single 
seed occurrence (i.e. one fecal sample with at least one seed of the plant species present). 
See Table 5.1 for percentages of seeds overlapping with field phenological 
measurements. 
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Figure 5.9. Proportional comparison of native and invasive fruit availability, versus 
occurrence in fecal samples from birds captured at Manomet in 2015. The proportion of 
all ripe fruits observed in each week belonging to native species (blue solid line) and 
invasive species (red solid line) are plotted across the autumn season (from 9 Aug to 10 
Nov), as are the proportion of seeds found in fecal samples belonging to native species 
(blue dotted line) and invasive species (red dotted line) across the season (from 18 Aug to 
3 Nov). Lines represent smoothed weekly averages.  
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CHAPTER SIX: CONCLUSIONS 
This dissertation had two primary goals: (1) to address the gaps in our 
understanding of patterns and changes in autumn phenology, and (2) to investigate how 
climate change and invasive plants alter bird-fruit interactions in autumn. My colleagues 
and I addressed the first goal by conducting the first-ever synthesis of the existing 
research on how climate change affects autumn phenology in temperate ecosystems 
(Chapter 2; Gallinat et al. 2015, also see Gill et al. 2015). We highlighted how autumn, 
compared to spring, has been neglected in the climate change literature, and showed that 
autumn events, including leaf senescence, fruit ripening, insect diapause, and bird 
migration are already shifting in response to climate change. Whereas most spring events 
(e.g. flowering, insect flight times) are widely documented to occur earlier with warming 
temperatures (Walther et al. 2002, Cleland et al. 2007), we found that autumn responses 
are more complicated, often depending on a broader suite of environmental variables, life 
history traits, and spring phenology. We also found that climate-driven shifts in autumn 
can have dramatic ecological consequences, such as the facilitated spread of pests, 
pathogens, and invasive species, and disruptions to trophic and mutualist interactions. In 
particular, we identified wild fruiting as an autumn event that has received little attention, 
despite its importance for bird-fruit interactions and seed dispersal.  
To further address key gaps in our understanding of autumn phenology, my 
colleagues and I used two novel data sets to describe patterns and predictors of fruiting 
times across large groups of fleshy-fruited species. We investigated patterns in fruiting 
phenology for 55 tree, shrub, and vine species across New England, in the first study to 
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use herbarium specimens for fruit phenology research (Chapter 3). We showed that 
invasive species fruit, on average, 26 days later than native species, and fruit over a 
longer period of time. In a second study of fruit phenology, using data collected from 
over 400 species at five botanical gardens on three continents, we showed that the timing 
of fruiting across plant species is consistent between years and locations, and that early-
season fruiting stages are more consistent in their timing than late-season stages (Chapter 
4). In both of these studies, we demonstrated that fruiting times vary widely among 
species in temperate ecosystems, with some species fruiting as early as May or June, and 
others retaining fruits well into the following spring. We also found, in both studies, a 
significant phylogenetic signal in fruiting, indicating there are strong evolutionary 
constraints on when plants fruit in autumn. 
Our discovery that invasive species fruit later and longer than native species 
contributes to the second goal of this dissertation. We predicted that birds migrating later 
in the year would be more likely to encounter and consume invasive fruits—and that this 
late-autumn fruiting niche might be exacerbated by climate-driven delays of some 
landbird migration in New England (Ellwood et al. 2015b). However, we found at 
Manomet, a migratory stopover site in coastal Massachusetts, that although invasive 
plants fruit later than native plants, and invasive fruits are more abundant than native 
fruits later in the autumn, birds (with a particular sampling focus on Gray Catbirds) 
preferentially consume the fruits of native plants throughout the migration season. While 
the literature on bird fruit preferences is somewhat conflicted (Levey and Rio 2001), our 
results support some previous research showing that many landbirds prefer native fruits 
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(Willson and Whelan 1993, Smith et al. 2013), and will not consume invasive fruits until 
native fruit resources are unavailable (Drummond 2005, Lediuk et al. 2014). If invasive 
species are not a preferred source for late-migrating birds, land managers and those 
leading restoration efforts may consider planting with the goal of increasing native fruit 
presence throughout the autumn season, with a particular focus on the end of the 
migration season for delayed migrants.  
Future Research Directions 
There is still important research yet to be done concerning how climate change 
and invasive plants affect autumn phenology and bird-fruit interactions. Future work 
should use experiments and observational data sets to further parse the effects of 
warming temperatures, drought, sunlight, photoperiod, and other environmental drivers 
intraspecific variation in fruiting phenology. Other autumn events, including leaf 
senescence, insect diapause and bird migration also require increased research attention, 
and the integration of ground observations, herbarium specimens, and experiments with 
tools like remote sensing, in order to model the future effects of climate change on 
temperate ecosystems. While we found herbarium data too coarse to investigate 
intraspecific variation in fruiting in most species, our result that the native species 
Vaccinium angustifolium fruits 5 days/ºC earlier with warming, while the invasive 
Berberis thunbergii fruits nearly 14 days/ºC later with warming, indicates that future 
studies should aim to identify how native and invasive species may respond differently to 
climate change.  
		
157 
Our finding that, at Manomet, birds continued to consume native fruits through 
the autumn migration season, opens up many future opportunities for studying the winter 
invasive fruiting niche. It is of particular interest to know if and when birds consume 
invasive fruits in winter, which species are the primary dispersers of invasive fruits after 
native fruits are no longer available, and how invasive fruit availability may have 
contributed to recent expansions in the winter ranges of some species (La Sorte and 
Thompson 2007). Future studies investigating how phenological shifts alter ecological 
interactions (e.g. birds and fruit) should take care to treat autumn phenological events as 
multiple-day processes, in order to investigate changes in peaks, durations, and overlap 
between interacting taxa. Finally, autumn phenology research should aim to investigate 
how multiple anthropogenic impacts, including climate change, species invasions, 
urbanization, and habitat loss, interact to affect the ecology and conservation of 
vulnerable taxa.  
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